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Abstract
Charles-Antoine Georges Marie Mignon
Photo-biomodulation of human skin fibroblast sub-populations: a systematic ap-
proach for the optimization of optical treatment parameters
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The thesis presents a rational path for the optimization of the selection of opti-
cal treatment parameters in photobiomodulation of human skin fibroblasts. The
project begins with an extensive analysis of 90 bibliographic reports in photo-
biomodulation published between 1985 and 2015, and revealed major inconsis-
tencies in optical parameters selected for clinical applications. Seeking greater
clarity for optimal parameter choice, a systematic approach to disentangle the
multiple factors underpinning the response of human dermal fibroblasts in vitro
to visible and near-infra red (NIR) light was employed. Light-based devices were
constructed to specifically and systematically screen the optical parameter win-
dow (i.e. wavelength, irradiance and dose) observed in literature. Additionally,
critical culture and treatment conditions that have dramatic impact on the out-
come of specific light treatment of these human skin dermal cells were identified.
In particular, environmental oxygen concentration, cell confluency and serum con-
centration were all found to have a great effect on the response of dermal fibrob-
lasts to light. In parallel, the induction of reactive oxygen species (ROS) by short
visible wavelengths on two dermal fibroblast sub-populations or lineage, reticular
and papillary, was monitored by live-cell imaging. The ROS species were found
to be created in or close to mitochondria. Lastly, gene expression studies re-
vealed a strong impact of short visible wavelengths, as compared to long and NIR
wavelengths on both subpopulations of human dermal fibroblasts. In particular,
blue light (450 nm) specifically down-regulated proliferation, metabolism and pro-
tein synthesis molecular pathways. At the protein level, 450-nm light inhibited the
i
production of procollagen I in human reticular and papillary fibroblasts in a dose-
dependent manner. Gene expression results were in agreement i.e., the same
light parameter down-regulated collagen fiber genes, integrins and up-regulated
collagenase MMP1. This thesis concludes with a chapter presenting a character-
ization of the accuracy of a potential translation tool for the prediction of optical
photon density inside human skin.
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Chapter 1: Introduction
The uptake of energy-based home-use devices for medical treatment and per-
sonal care is increasing rapidly, due to the appeal of their practicality, simplicity
of use, and efficacy (Metelitsa and Green, 2011). Within this trend, skin health
attracts particular interest, underlined by a large burden of skin and hair diseases
(Hay et al., 2014).
The non-invasive nature of light, free of potential systemic side-effects, is a very
attractive treatment modality, where skin interaction with light in the ultraviolet
(UV) to infrared (IR) range with subsequent photochemical, photothermal, and
photomechanical effects, drives the therapeutic effects.
Professionals have already successfully exploited the benefits of photothermal,
photomechanical and photochemical light-based treatment (Jacques, 1992; Stern,
2007). Some examples include: photothermal effects for skin rejuvenation (Ri-
naldi, 2008) and for removal of hair and vascular lesions (Babilas et al., 2010);
photomechanical skin rejuvenation using laser-induced optical breakdown (Habbema
et al., 2012; Habbema et al., 2013); PUVA-, UVB-, and blue-light-based photo-
chemical treatment of psoriasis (Lim et al., 2015; Pfaff et al., 2015).
Photobiomodulation is formally defined as the use of visible (Vis) to NIR light ab-
sorbed by endogenous chromophores, triggering non-thermal, non-cytotoxic, bio-
logical reactions through photochemical events (Anders, Lanzafame, and Arany,
2015). In November 2015 the term “Photobiomodulation Therapy” was formally
adopted as an official NIH U.S. National Library of Medicine (MeSH) term (Carroll,
2015).
The field of photobiomodulation of skin and its appendages, kick-started by a
landmark study on hair regrowth in the late 1960s (Mester, Szende, and Gart-
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ner, 1968), has now expanded to include applications for hair cycle modulation
(Sheen et al., 2015), hair re-growth (Lanzafame et al., 2013), wound healing (Ka-
jagar et al., 2012; Hopkins et al., 2004; Gupta et al., 1998), psoriasis (Weinstabl
et al., 2011), skin barrier recovery (Denda and Fuziwara, 2008), stem cell regen-
erative therapy (Arany et al., 2014), where several books were published on the
topic summarizing experimental studies and basic mechanisms (Hamblin, Way-
nant, and Anders, 2010; Waynant and Tata, 2008; Smith, 2007).
As of today, more than thirty light-based devices based on photobiomodulation
have been cleared to market by the FDA for the management of hair regrowth
(Lanzafame et al., 2013; Lanzafame et al., 2014; Jimenez et al., 2014; Adminis-
tration and Drugs, 2016), and this number is constantly increasing. The translation
of photobiomodulation to human applications has therefore already started.
However, we are very much in the dark in many fundamental mechanistic fea-
tures behind the therapy. First, the very first point of reception of light in so-called
non-photosensitive tissues (i.e. extra-ocular) is unknown. We have reason to
believe that this light reception may involve a growing list of cellular components
including cytochrome c oxidase (Karu, 2014), nitrosated proteins regulating nitric
oxide (NO) bioactivity (Liebmann, Born, and Kolb-Bachofen, 2010; Keszler et al.,
2014), ion-gated channel (Wang et al., 2016), circadian rhythm regulator flavo-
protein cryptochrome (Bouly et al., 2007) and the more recently-considered opsin
family photoreceptors (Denda and Fuziwara, 2008; Haltaufderhyde et al., 2015;
Kim et al., 2013a; Sikka et al., 2014; Wicks et al., 2011; Buscone et al., 2017).
Second, the selection of optical settings is not based on systematic studies but
rather on empirical observations (Chung et al., 2012). The main criterion for the
selection of wavelength is its penetration depth in the skin. The lack of rationality
in the selection of optical settings may be partly responsible for the mix of positive,
negative and neutral outcomes of photobiomodulation reported by many reviews
of the literature, wound healing (Woodruff et al., 2004) for example.
Third, the selection of optical settings is further complicated by the propagation
of light in human skin. In vivo targets, particularly those lying deep in the skin,
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will receive very different photon density than the one applied on top of the skin.
Therefore, parameters that were found effective in vitro on selected human skin
cells, will need adaptation for correct translation to the skin surface in order to
deliver similar optical settings to the same skin cell population in vivo. Addition-
ally, as light will be randomly scattered in the skin, there will be a large number of
targets that will be simultaneously irradiated by the same light treatment. A mod-
elling tool is critical to understand which skin components are affected by which
amount of light.
The objectives of this thesis were thus defined according to the gaps of the liter-
ature mentioned above:
- Investigate the molecular mechanisms involved in the action of visible and
NIR light on skin cells in photobiomodulation
- Optimize the selection of optical treatment parameters in photobiomodula-
tion of human skin cells
- Characterize a numerical model of light propagation in the skin and evaluate
its potential use for the translation of photobiomodulation research
In response to these objectives, the results of the thesis are divided in 4 chap-
ters. The first results chapter presents a detailed literature review of the current
state of knowledge in photobiomodulation as it pertains in dermatology and the
current use of optical treatment parameters in studies involved in wound healing
and hair regrowth. The second results chapter employs a systematic approach to
optimize the selection of effective optical treatment settings in photobiomodula-
tion using normal human primary dermal fibroblast subpopulations as a target. A
third chapter provides mechanistic insights and a functional analysis of the effect
of some selected optical treatment parameters on both lineages of human dermal
fibroblasts based on the expression of genes after light treatment. Finally, the
last chapter presents a characterization of the accuracy of a potential translation
tool for the prediction of the propagation of optical photon density inside human
skin. Before entering in the topic, the reader is advised to read the annex A for
3
the basics and essentials in photobiology.
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Chapter 2: Materials and Methods
2.1 Cell biology
2.1.1 Isolation of normal primary human dermal fibroblasts
Human dermal fibroblasts were isolated from fresh human facial skin within 8
hours of surgery. Human skin was obtained as excess tissue after facelift surgery
from healthy donors adhering to the Declaration of Helsinki principles under Tissue
Transfer Agreement, where clinics were responsible for having a full written con-
sent from all patients. All experimental protocols were carried out in accordance
with relevant guidelines and regulations of the Internal Committee of Biological Ex-
periments both at the University of Bradford and Philips Research (Eindhoven).
All skin cells used within this PhD thesis were isolated from Caucasian skin sam-
ples.
Papillary and reticular fibroblasts lineages were extracted from superficial dermis
just below the epidermis and deep dermis above the hypodermis, respectively as
previously described (Mine et al., 2008; Sorrell and Caplan, 2004). Cells were
initially cultured in DMEM supplemented with penicillin/streptomycin (1%), Gluta-
max (1%) and fetal bovine serum (FBS) (10%). The concentration of FBS was
later very gradually reduced to 2% to bring the in vitro model closer to the normal
in vivo environment of the dermal fibroblasts where it was associated with a sig-
nificant reduction in proliferation rate. Pairs of reticular and papillary were donor
sample-matched, unless otherwise indicated.
In figure 2.1 it is possible to see that the extracted dermal fibroblast lineages show
expected morphological features. Indeed, the reticular fibroblasts are more fried-
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egg-shaped and spread on the plastic disk while papillary fibroblasts exhibit a
spindle, thin and thicker shape (Driskell et al., 2011; Mine et al., 2008; Sorrell and
Caplan, 2004).
At the University of Bradford and Philips Research, primary human papillary fi-
broblasts were obtained from frozen vials directly from the cell bank of the labo-
ratory.
Reticular Dermis
Papillary Dermis
A
B C
 
 
Figure 2.1: A: Explanation scheme of the skin cross-section showing the locations
of the papillary and reticular dermis. Phase-contrast pictures of the reticular (B)
and Papillary (C) fibroblasts where their morphology is clearly different (Original
magnification x10). Donor shown is donor F64 (facelift, female, 64yo)
2.1.2 Culture of primary human dermal fibroblasts
The dermal fibroblasts populations were typically started in T-75 flasks from frozen
vials. The starting culture medium was DMEM supplemented with 1% Pen/Strep,
1% Glutamax and variable concentration of FBS. The passage of the cells was
always kept under passage 8 for all experiments. The limit (passage 8) was se-
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lected in order to ensure that the cells will conserve as much as is practical their
lineage-specific traits when used in experiments. Indeed, the conversion of papil-
lary to reticular phenotype was observed in vitro at much higher passage (10-15)
(Janson et al., 2013).
The sources of the chemicals used to supplement the culture medium are pro-
vided here:
- Penicillin-Streptomycin (P/S) , 15140122, Gibco (ThermoFisher)
- Fetal Bovine Serum (FBS), 10270106, Gibco (ThermoFisher)
- GlutaMAX™ (100X), 35050038, Gibco (ThermoFisher)
- Dulbecco’s Modified Eagle’s Medium - low glucose, with and without phenol
red D5921 and D5546, Sigma-Aldrich
Trypsin-EDTA was used to detach adherent cell culture (passage, seeding).
The reagent reference is: 0.25% Trypsin-EDTA (1X),25200056, Gibco (Ther-
moFisher).
2.1.3 Biological assays
Cell counting and viability
The counting of cells were performed using automatic cell counters. The following
machines were used depending on the location where the work was carried out:
TC20™ Automated Cell Counter (Bio-Rad) at the University of Bradford, Vi-CELL
XR (Beckman Coulter Life Sciences) at Philips Research.
Cell morphology
All photographs were performed using a Leica microscope (TCS SP5) with a 10x
objective unless otherwise indicated. Phase-contrast configuration was usually
used to provide the best resolution of the cell morphology.
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Assessment of cell metabolic activity: Alamar Blue assay
The metabolic activity of the dermal fibroblasts was assessed using the Alamar
Blue® assay (Thermofisher, DAL1100) (Tonder et al., 2015). This assay was se-
lected for its lower variability across the different cell lineages, compared to MTT
assay, often considered as the gold standard for determination of cell viability and
proliferation (Mosmann, 1983). MTT assay measures cell viability in terms of re-
ductive activity as the enzymatic conversion of the tetrazolium compound to water
insoluble formazan crystals by dehydrogenases occurring in the mitochondria of
living cells, although reducing agents and enzymes located in other organelles
such as the endoplasmic reticulum can also be involved.
In contrast to MTT assay, the Alamar Blue kit involves the conversion of its active
component, resazurin, to fluorescent resorufin occurs, which mostly in the mito-
chondria. The quantity of resorufin generated can therefore be used as indicator
of metabolic activity (Zhang et al., 1990). On the day of assessment Alamar Blue®
was added to fresh DMEM (10% by volume). The solution was then incubated in
contact with the cells for 3 to 5 hours depending on the confluency of cells. The
fluorescence generated was read using a plate reader FLUOstar Omega II (ex:
544 nm, em: 590 nm). The experimental outcome of the light-based treatments
was expressed in terms of relative metabolic activity, defined as a ratio between
the means of the treated groups and the control group.
Reactive Oxygen Species (ROS) detection, fluorescence dye
Evidence of the induction of ROS in human cell culture by short visible wave-
lengths exist (Consentino et al., 2015; Kuse et al., 2014; Becker et al., 2016).
Therefore, detection of ROS under light treatment was performed in culture of
human dermal fibroblasts. On the day of measurement, a solution of 10 M of ei-
ther CellROX Orange or CellROX Deep Red (ThermoFisher, C10443 & C10422)
in PBS was prepared. Adherent fibroblasts were incubated in contact with the so-
lution for 30 minutes at 37 C. After incubation, the fibroblasts were washed three
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times with PBS and put back in supplemented DMEM. Excitation and emission
wavelengths are provided by the manufacturer: Ex: 644 nm, Em: 655 nm.
Mitochondria tracker, fluorescence dye
MitoTracker® Red CMXRos (ThermoFisher M7512) was used to track mitochon-
dria inside the cells. On the day of measurement, a solution of 400 nM of Mito-
Tracker in PBS was prepared. Adherent fibroblasts were incubated in contact with
the solution for 30 minutes at 37 C. After incubation, the fibroblasts were washed
once with PBS and put back in supplemented DMEM. Excitation and emission
wavelengths are provided by the manufacturer: Ex: 579 nm, Em: 599 nm.
Treatment of human dermal fibroblasts with antioxidants
Quercetin and Vitamin E were selected for their antioxidant properties. The fol-
lowing concentrations were prepared in supplemented DMEM: 1 M quercetin
and 100 M vitamin E. Quercetin (Sigma-Aldrich Q4951-10G) was dissolved
in DMSO. Vitamin E (258024-5G) was added to sterile water and vortexed to
force miscibility. Evidence in the literature showed that the antioxidant action of
quercetin was improved when used in combination with vitamins (Milton Prabu,
Shagirtha, and Renugadevi, 2010). Thus, both antioxidants were always used in
combination and not separately.
RNA isolation and purification
Cell lysis and RNA isolation was performed using the RNeasy Mini Kit from Quia-
gen (74106). The procedure was followed according to the manufacturer instruc-
tions. The cell lysis was performed using 350 L of buffer RLT (Qiagen proprietary
lysis buffer) supplemented with 10 µL of β-mercaptoethanol per mL of buffer. The
lysis was performed at RT and collected samples were immediately put in -80 °C
freezer for storage before extraction. The RNA isolation protocol was followed
from the Quick-Start Protocol and the optional step of DNase digestion was per-
formed.
Human dermal fibroblasts were cultured in low serum DMEM (2% FBS, 1% P/S,
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1% Glutamax) at a low confluency (40-60%) in 35-mm dish. They were treated
once a day for three consecutive days with selected light parameters. The cells
lysates were collected 24 hours after the last light treatment. For each replicated
8 individual 35-mm dishes were pooled together to reach sufficient material.
Gene expression and gene set enrichment analysis (GSEA)
The high quality of the RNA samples was confirmed by capillary electrophoresis
on an Agilent 2100 bioanalyzer (Agilent). Arrays of GeneChipTM Human Tran-
scriptome Array 2.0 from Affymetrix were used to quantify the transcriptome of the
samples. The Affymetrix standard labelling protocol was followed to prepare the
biotinylated antisense cDNA using the GeneChip® WT Plus Reagent Kit and the
GeneChip® Hybridization, Wash and Stain Kit (both from Affymetrix, Santa Clara,
USA). The following steps: hybridization on the chip, dying and scanning were
performed on a GeneChip Hybridization oven 640, a GeneChip Fluidics Station
450 and a GeneChip Scanner 3000 respectively. The equipment and machines
performing the steps were manufactured by the Affymetrix-Company (Affymetrix,
High Wycombe, UK).
Following the experimental protocol the analysis of the transcriptome was per-
formed, in particular annotations, data processing and Gene Set Enrichment Anal-
ysis (GSEA). Annotations were made based on the Custom CDF Version 20 with
Entrez based gene definitions (Dai et al., 2005). The raw fluorescence intensity
values were normalized applying quantile normalization. Differential gene expres-
sion was analyzed using a commercial software package: SAS JMP10Genomics,
version 6, from SAS based on OneWay-ANOVA. GSEA method was applied to
our dataset. This method extracts defined lists (or sets) of genes showing a sta-
tistically significant bias in their distribution in the treated group versus a control
group within a ranked gene list (Subramanian et al., 2005). A threshold on the
false positive rate was used to select significant pathways (FDR < 0:1). The
public pathway database KEGG was used.
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cDNA synthesis
The synthesis of cDNA was performed from 100 ng of purified RNA using the
High-Capacity cDNA Reverse Transcription Kit (Thermofisher, 4368814). The
reverse transcription reaction was performed via a thermocycler according to the
manufacturers instructions. The temperature steps were: 25 C for 10 minutes,
37 C for 120 minutes and 85 C for minutes. Immediately after reaction, the
samples were stored at  20 C.
Real-time qPCR
In order to validate the results of gene expression analysis, qPCR (quantitative
polymerase chain reaction) was used to measured the expression of relevant
genes in the treated and control groups. Results obtained with microarray and
qPCR were then compared. Quantitative real-time PCR ofMMP1, TGFB2, GJA1,
CDH2, NR1D1, GPRC5A and PDE5A was performed, where primers sequences
are shown in table 2.1. Annealing temperatures were optimized and selected as
follows: 59:8 C for GPRC5A, TGFB2, PDE5A, NR1D1 and GJA1, and 63:1 C
for CDH2 and MMP1. A standard RT-PCR thermal sequence was programmed:
95 C for 2 minutes, followed by 35 three-step cycles (95 C for 20 seconds, 20
seconds at the corresponding annealing temperature, and at 72 C for 30 min-
utes), a final step at 72 C for 2 minutes. Quantification was carried out using
SYBR green (SYBR® Green PCR Master Mix, Thermofisher 4344463). Thermal
cycler was from Bio-Rad (C1000 Thermal Cycler, CFX96 Real-Time System).
Quantification of human procollagen-I in supernatant
An ELISA kit from Takara (MK101, Procollagen Type I C-Peptide (PIP) EIA Kit)
was used to quantify the concentration of procollagen-I in the supernatant of fi-
broblast culture. Human dermal fibroblasts were treated three times once per day
on three consecutive days by selected light parameters. After each light treat-
ment, the culture medium was replenished to avoid any cytotoxic effects due to
the interaction of light with the culture medium. The supernatants were collected
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Table 2.1: qPCR: primer sequences
Primer Sequence
MMP1-F GGGGCTTTGATGTACCCTAGC
MMP1-R TGTCACACGCTTTTGGGGTTT
TGFB2-F CCATCCCGCCCACTTTCTAC
TGFB2-R AGCTCAATCCGTTGTTCAGGC
GJA1-F TGGTAAGGTGAAAATGCGAGG
GJA1-R GCACTCAAGCTGAATCCATAGAT
CDH2-F ATGTGCCGGATAGCGGGAGC
CDH2-R ACAGACGCCTGAAGCAGGGC
NR1D1-F ATCGTCCGCATCAATCGCAA
NR1D1-R CTGCTTCTCTCGTTTGGGGAT
GPRC5A-F GCTGCTCACAAAGCAACGAA
GPRC5A-R ATAGAGCGTGTCCCCTGTCT
PDE5A-F GATCCTCGGTTCAATGCAGAA
PDE5A-R ACAAAATGCCAAATAAGCAGCAA
72 hours after the last light treatment and immediately frozen (-80C). Later, sam-
ples were thawed and the protocol of the manufacturer was carefully followed to
quantify the procollagen I content. The samples were not diluted before quantifi-
cation except the supernatants coming from the experiments performed on from
donor female 64 years old papillary subtype (dilution 1/2).
2.2 Characterization of tissue donors and cell culture
conditions
2.2.1 Clinical details of donors of isolated fibroblasts
The cell lines used to perform the experiments will be introduced here. They were
associated with the three time periods of the PhD studies: a first period at Philips
Research Eindhoven, a second at the University of Bradford and a last period
again at Philips Research. The cells used in the three time periods were not from
the same donors (see table 2.2). The following notation was used to designate
individually the donors (independently of the lineage): gender-age. By extension,
the reticular and papillary subtypes of a donor will be referred as follow: first letter
of subtype-age. For example, a 64 year-old skin donor is referred to as: F64,
the reticular subtype to as: R64 and the papillary subtype to as: P64. No two
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donors were of the same age, therefore when the age number is the same the
population are originated from the same donor. When the age was not available
due to patient data protection, the notation was simply reduced to gender/subtype
and increment number starting from 1. All donor and cell population notation are
shown in table 2.2.
Donor Age Gender Origin Lineage Period
R1 Unknown Female Facelift Reticular 1
R2 67 Female Facelift Reticular 1
P1 Unknown Female Facelift Papillary 1
P2 43 Female Facelift Papillary 1
R3 Unknown Female Facelift Reticular 1
P3 Unknown Female Facelift Papillary 1
P51 51 Male Browlift Papillary 2
P57 57 Female Arm Skin Papillary 2
P67 67 Female Facelift Papillary 2
P72 72 Female Facelift Papillary 2
R53 53 Female Facelift Reticular 3
P53 53 Female Facelift Papillary 3
R59 59 Male Facelift Reticular 3
P59 59 Male Facelift Papillary 3
R62 62 Female Facelift Reticular 3
P62 62 Female Facelift Papillary 3
R64 64 Female Facelift Reticular 3
P64 64 Female Facelift Papillary 3
Table 2.2: Age, gender, body location for isolation and lineage for each donor
used throughout the project. The skin type of all the donors was Caucasian. No
two donors were of the same age, therefore the age identifies the donor. Mean
age of the donors: 59:5  8:7 yo.
The extent of morphological distinctiveness between papillary and reticular fi-
broblasts are variable accross different skin donors (Figs. 2.2 and 2.3). Cells from
donors F64 and M53 showed the stereotypical morphologies, whereby reticular
cells were flat and spread over the plastic substratumwhile the papillary cells were
thin and elongated (2.3, B/E,C/F).
The associatedmetabolic activity of the reticular and papillary cells from donors
F53, M59 and F64 are also showing significant differences (Fig. 2.4). Indeed,
reticular cells exhibited a higher metabolic activity as compared to the correspond-
ing papillary cells (the seeding density of each population being the same). This
is in agreement with previously reported results where cell quiescence was asso-
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Figure 2.2: Phase-contrast microscopy pictures of human dermal reticular (A,B,C)
and papillary (D,E,F) fibroblasts from the donors (R1,R2,R3) and (P1,P2,P3), orig-
inal magnification was x10.
ciated to high metabolic activity (Lemons et al., 2010; Driskell et al., 2015).
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Figure 2.3: Phase-contrast microscopy pictures of human dermal reticular (A,B,C)
and papillary (D,E,F) fibroblasts from the donors used in the third period, respec-
tively (R53,R59,R64) and (P53,P59,P64), original magnification was x10.
2.2.2 Range of serum concentration, cell density and environmen-
tal oxygen concentration used in this study
Serum concentration
Serum concentration was varied in the range [2 10]% volume of the culturemedium.
The serum concentration in the culture medium had a strong effect on the prolifer-
ation of human dermal fibroblasts (Fig. 2.5). Under themicroscope, amuch higher
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Figure 2.4: Metabolic activity of the matching reticular and papillary couples re-
spectively R53/P53, R59/P59 and R64/P64, together with the phase-contrast mi-
croscopy pictures of both lineages for each donor. Each population was seeded
at the same density. Original magnification was x10. Differences are statistically
significant (p < 0:001) for all three comparisons reticular/papillary (3 replicates, 4
repeats per donor and sub-population). Standard deviations are shown in error-
bars.
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growth rate of the cells cultured was observed in 10% FBS than when cultured in
2% FBS (Fig. 2.5, A). This was quantitatively confirmed by the metabolic activity
of cells cultured in 10% and 2% FBS (Fig. 2.5, B). Interestingly, fibroblast prolif-
eration in 2% FBS is slow. Over 4 days, there was negligible change (Fig. 2.5, C).
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Figure 2.5: A: Phase-contrast microscopy pictures of normal human papillary fi-
broblasts cultured in 10% (right) and 2% (left) FBS 8 days after seeding starting
from the same initial density. Original magnification was x10. B: Metabolic activity
of the same human papillary fibroblasts measured via the Alamar Blue assay 4
days later, C: Phase-contrast microscopy pictures of normal human reticular and
papillary fibroblasts cultured in 2% FBS followed over 4 days, original magnifi-
cation was x10. The data shown here was measured on cells from donor F64
(facelift, female, 64yo). Standard deviations are shown in errorbars.
Cell density
Cell confluency was varied from 10% to over 100% (i.e. where cells begin to
multi-layer). The confluency levels correspond to different cell number depending
on the format of culture plate used. In 24-well plate, 10% and 90% confluency
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levels corresponded to 2,500 and 30,000 cells per well respectively. In a 35-mm
dish, another format which was used commonly in experiments, these levels cor-
respond to 5,000 and 60,000 cells per well. In this thesis, to ’low’ confluency as
confluency levels which are under 60% confluency and ’high’ confluency to conflu-
ency levels which are over 80% confluency. Phase-contrast microscopy pictures
are shown to illustrate ´low´ and ´high´ confluency levels, together with the corre-
sponding Alamar Blue (metabolic activity) absolute reading (Fig. 2.6).
Environmental oxygen
Environmental oxygen level experienced by the cells in vitro was also varied di-
rectly via the incubator settings (Forma™ Steri-Cycle™ i160 Tri-Gas CO2 Incuba-
tors). Indeed, recent evidence suggests the existence of gradients of physiological
oxygen levels throughout the different layers of human skin layers, where oxygen
level in dermis (outside capillary loops) can be as low as 1-5%, compared to 20%
atmospheric level (Wang, 2005; Upton et al., 2015). Phase-contrast microscopy
pictures are shown to illustrate the morphology of the cells in hypoxia (2% partial
oxygen pressure) and normoxia (20% partial oxygen pressure), together with the
corresponding Alamar Blue absolute reading (Fig. 2.7).
The standard culture conditions of human dermal fibroblasts use high con-
fluency, high serum concentration and high environmental oxygen concentration
(i.e. 20% oxygen). However, the in vivo environment of the dermal fibroblasts
would rather correlate with lower values: low cell density, low to no serum and
low environmental oxygen concentration.
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Figure 2.6: A: Phase-contrast microscopy pictures of normal human papillary fi-
broblasts cultured at ´low´ and ´high´ confluency levels at day 0 and day 4, original
magnification was x10. B: Metabolic activity of the same human papilary fibrob-
lasts measured via the Alamar Blue assay on day 4 (log scale). The data shown
here was measured on cells from donor F64 (facelift, female, 64 yo). Standard
deviations are shown in errorbars.
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AB
Figure 2.7: A: Phase-contrast microscopy pictures of normal human reticular and
papillary fibroblasts cultured at ´low´ and ´high´ environmental oxygen levels, orig-
inal magnification was x10. Human papillary and reticular fibroblasts from the
same donors were cultured in both 2% and 20% oxygen incubators for 10 days.
B: Metabolic activity of the same human papillary and reticular fibroblasts mea-
sured via the Alamar Blue assay on day 10. The data shown here was measured
on cells from donor F64 (facelift, female, 64yo). Differences are statistically sig-
nificant (p < 0:001) for the comparisons reticular/papillary (3 replicates, 4 repeats
per donor and sub-population). Standard deviations are shown in errorbars.
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2.3 Literature review
A review of studies in Photobiomodulation involving wound healing and hair re-
growth, was performed where the literature search included several selected key-
words. Examples of included keywords are shown in Figure 2.8.
HUMAN
SKIN
WOUND
KERATINOCYTE
FIBROBLAST
HAIR
DERMIS
EPIDERMIS
HEALING
REJUVENATION
GROWTH
REGENERATION
BIOMODULATION
BIOSTIMULATION
THERAPY
CELLULAR SIGNALLING
PROLIFERATION
DIFFERENTIATION
LASER
LIGHT
LED
LOW LEVEL LIGHT
PHOTO-
LIGHT RADIATION
Figure 2.8: Combinations of keywords used for the systematic literature search.
Treatment methods, targets and readouts are shown in the first, second and third
column, respectively. The systematic search was performed in such a way that a
combination of several words from the columns was included in the title or abstract
of bibliographic references.
The selection was based on several criteria. First, core subjects of the selected
studies were wound healing and hair regrowth. Second, the studies were directed
to humans or material derived from humans e.g., human skin cells culture. While
diverse skin cells types are used throughout the studies reported in literature, this
review was focused on the most commonly studied (and thus the most statistically
interesting) i.e., fibroblasts and keratinocytes. As the goal is the selection optical
parameters for treatment, the third inclusion criterion was the disclosure of the op-
tical parameters. Finally, the presence or absence of a sham/control group was
monitored. Both in vivo and in vitro studies were included. In total 60 separate
articles published between 1985 and 2015 were included. Twenty in vivo clinical
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studies on wound healing (Kajagar et al., 2012; Gupta et al., 1998; Hopkins et al.,
2004; Minatel et al., 2009; Zhou, Luo, and Xie, 2008; Malm, 1991; Whelan and
Turner, 2001; Schindl et al., 2002; Schindl, Schindl, and Schindl, 1997; Schindl
et al., 1998; Kopera et al., 2005) and hair regrowth (Lanzafame et al., 2013; Lan-
zafame et al., 2014; Jimenez et al., 2014; Leavitt et al., 2009; Satino and Markou,
2003; Blum et al., 2014; Kim et al., 2013a; Waiz et al., 2006; Abdelhalim, 2014)
were included. Regarding the in vitro studies, in total 11 studies on fibroblasts
cell lines (Hawkins and Abrahamse, 2006; Esmaeelinejad et al., 2014; Evans and
Abrahamse, 2008; Webb, Dyson, and Lewis, 1998; Zhang et al., 2003; Houreld et
al., 2008; Azevedo et al., 2006; Abergel et al., 1987; Houreld; et al., 2014; Danno
et al., 2001; Damante et al., 2009), 7 on fibroblasts primary cells (Oplander et al.,
2011; Poon, Huang, and Burd, 2005; Rigau et al., 1994; Webb and Dyson, 2003;
Fushimi et al., 2012; Barolet et al., 2009; Mamalis, Garcha, and Jagdeo, 2015), 7
on keratinocytes cell lines (Kim et al., 2013a; Basso et al., 2013; Pellicioli et al.,
2014; Becker et al., 2015; Danno et al., 2001; Fushimi et al., 2012; Gavish et al.,
2004) and 5 on keratinocytes primary cells (Liebmann, Born, and Kolb-Bachofen,
2010; Grossman et al., 1998; Ejiri et al., 2014; Yu et al., 1996; Haas et al., 1990)
were found, respectively.
2.4 Characterization of light-based devices for hair re-
growth
As presented in the introduction of this thesis, more than 20 light-based devices
are already cleared by the FDA for hair regrowth and are currently sold on the
market. One of the objective of this PhD study is to optimize the selection of
optical treatment parameters in photobiomodulation in dermatology. Therefore,
the use of photobiomodulation in commercial light-based products was also eval-
uated. Three commercial home-use devices for hair regrowth were character-
ized in terms of their optical performance. The spectral output was measured
using an integrating sphere (Labsphere, model AS-02478-000 LMS 200, 50 cm)
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and their spatial distribution using a digital camera (RadiantImaging, Laser2000,
PM1403E-1) and a diffuser. Optical power was measured at the recommended
working distance (i.e. at the assumed position of the scalp) of the devices using a
powermeter (Ophir Nova II, its sensor PD300-3W-V1, calibrated in October 2014).
23
2.5 Design of light-based prototypes for the illumination
of biological material: Sirius-24 and Sirius-8
The present project aims to gain knowledge on the photo-chemical actions of light
on skin components, and to design experiments that will allow controlled illumina-
tion of multiple skin components and cells. This approach will require the devel-
opment of a robust and rigorous practical light-based solution.
Although commercial solutions exist, they generally do not accommodate the large
ranges in optical parameters found in literature (Mignon et al., 2016b). In or-
der to proceed with this project experimental design, customized prototypes were
needed. Two light-based prototypes were designed and manufactured by PiNS
(Philips Innovation Services). These devices were named Sirius-8 and Sirius-24.
They are shown in figure 2.9. Both work on the same concept: Light-emitting
diode (LED) illumination underneath the target. Requirements associated with
the devices as well as their designs and characterizations will be presented here.
Within the photobiomodulation (i.e. low-level light therapy (LLLT)) literature, re-
searchers have used various ways to illuminate biological systems. Lasers, laser
diodes, LED and lamps as light sources mounted within mechanical structures
and sometimes with optical elements form a high variety of home-made illumina-
tion solutions which are available. There is a considerable difference between
pointing a laser beam at a cell culture, and, homogeneously illuminating the same
cell culture without providing other stimuli (such as thermal increase), thus design
considerations are important. Overall a review of the literature has indicated that
the solutions typically chosen are not rational in the majority of cases, with wave-
length alone appearing as the major criterion for treatment parameter selection.
Additionally, a lack of optical metrology knowledge has brought confusion in the
reporting of optical parameters in the literature (Hadis et al., 2016).
A plurality of properties needs to be taken into account when designing and char-
acterizing a light-based illumination source including:
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Sirius-24
Sirius-8
Figure 2.9: Photographs of light-based prototypes Sirius-24 and Sirius-8.
- Direct light properties; wavelength, irradiance range, light regime (pulsed
and continuous),beam geometry and homogeneity.
- Indirect practical properties; heating of the structure and cooling configura-
tion, compatibility with biological system and requirements, automation and
software control.
2.5.1 Requirements when targeting biological systems with light
A rational choice of illumination characteristics will be explored here; laying out the
requirements first. In the current project, the first series of prototypes were aimed
at illumination of a cell culture with cells seeded in two different formats; a 24-well
plate and a series of individual 35 mm dishes, in order to interrogate the ranges
of optical parameters found in literature (Mignon et al., 2016c). The aforemen-
tioned formats were chosen to meet two needs. The first (Sirius-24) was aimed
at screening a large range of optical parameters (wavelength, irradiance and ra-
diant exposure) that also enabled robust statistical power. The second (Sirius-8)
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allowed for an in-depth study of the biological response to light stimuli, where a
large amount of biological material is needed, i.e. via larger culture dish size.
Thus two devices, which were designed and manufactured, are named Sirius-24
and Sirius-8, referring to the number of component wells which can be illuminated
in parallel.
It is important to keep two undesirable features in mind while designing a light-
based prototype: unwanted exposure and heating. These will result in two draw-
backs: color-mixing, ie. unwanted reflection or direct exposure from a different
wavelength reaching the target of a primary wavelength, and, heating, due to ex-
posure of components other than the target resulting in absorbed light heating up
of the system. The latter triggers the potential thermal stimulation of the target.
Thus as much as possible, heat and light effects should be separated.
2.5.2 Design solution for illumination of skin cells and tissue
Properties of light source
In terms of the properties of light, LEDs were chosen to be the component emitting
the light. Wavelengths were chosen so that they were equally distributed around
the absorption peaks of potential cellular photoreceptors as seen in figure 2.10.
Sirius-24 has a lower available irradiance range compared to Sirius-8 due to the
limited size of their illuminated area. Optional pulsing structure of the light stimuli
was made available via the electronic control.
When targeting skin fibroblasts in cell culture, the target is around 100 m thick
(thickness of a cell layer). Light propagation in such a structure, characterized
with low scattering and absorption properties, will be negligible i.e. provide the
same illumination for the whole system. When targeting 3D organs, the propaga-
tion of light in turbid media becomes significant and should be considered. The
spatial coherence of the light source will not play a significant role (Karu, 2003)
in vitro, and therefore the low spatial and temporal coherence of the LEDs is not
expected to be problematic.
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Figure 2.10: Absorption Spectra of relevant potential photoreceptors (panels A, B
and C), and Emission Spectra of the LED contained in the prototypes (panel D)
Mechanical structure of the prototypes
The mechanical structure of the Sirius devices is designed for two functions, apart
from its obvious container function: (a) implementing the desired illumination while
blocking undesired exposures, and, (b) ensuring suitable cooling of the device it-
self and target. To that end, both devices exhibit a similar design: where the
illumination is from under the target as seen in figure 2.11. Its design was in-
spired by Barolet et al. (Barolet et al., 2010), where researchers illuminated fi-
broblasts seeded in 24-well plate from the bottom. It provides several interesting
features: multiple, polychromatic and physically-separated illuminations in a re-
stricted space, while having a heating and cooling advantageous structure. It is a
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pragmatic solution, where all the energy emitted by the source is directed to the
target and not reflected nor absorbed by the support as that could result in unpre-
dictable exposure and heating respectively. Indeed, illuminating the target from
underneath and directed to the top of the instrument is a smart design to evacu-
ate the remaining light which has already crossed the target. In that way, it is not
reflected back to the target, nor absorbed by the support creating unnecessary
heating.
Additionally, the internal design supports the directionality of the beam, mean-
ing that light exiting the LED (over 2str) is restricted to an angle limit through
a physical aperture and/or wall within the device itself. This prevents unwanted
illumination of part of the target, as well as reducing the heating of the cell sub-
stratum. In the case of Sirius-8, small reflectors were added on top of the LED to
focus the energy on the desired area.
Cooling of the devices, necessary for the LED and for the target, works by me-
chanical fans with directive flow, as shown in figure 2.11, C. This is key so as not
to burn out the LEDs that inevitably heat up by the high electrical current (e.g. 1 A)
going through them, and consequently heating up of the target closeby.
Sirius-24 used 6 different wavelengths in this project: 447, 501, 530, 591, 655
and 850 nm. These LEDs are grouped in two different physical boxes: 447, 501
and 530 nm representing the ”blue” light box and 591, 655 and 850 nm in the ”red”
light box. These boxes are designed to fit under a 24-well culture plate, so that
only one LED illuminates each of the well of a 24-well culture plate. The illumi-
nated areas are organised as following: a 24-well culture plate has 4 rows of 6
wells, each of these rows is illuminated with a different wavelength (See figure
2.11 A). In the red box: two rows are illuminated with red LEDs (655 nm), while
the remaining two rows are illuminated with yellow (590 nm) and infrared (850 nm)
LEDs. On the blue box, two rows are illuminated with blue LEDs (450 nm) and the
two remaining rows with green (530 nm) and cyan (500 nm) LEDs. The distance
between the LED chip and the illuminated plane was 13 mm.
Sirius-8 uses 4 different wavelengths: 447, 530, 655 and 850 nm. Overall the light
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box have 8 plastic windows corresponding to 8 optical outputs, 2 of each color,
each with 9 LEDs as a source. Every LED (except Infrared LEDs) was covered
by a small reflector allowing better collimation of the light (Reflector OPC1-2-COL
from Dialight ”Wide” Model). The distance between the LED chip and the surface
was 50 mm. The resulting beam created at 50 mm by the LED array is homoge-
neous.
Sirius-24 Sirius-8
Air Flow
Culture Plate Well
LED
Device
Cross-Section
A B
C
Figure 2.11: Device Principle: Illumination from the bottom of the well/dish; A:
Photograph of the LED structure of Sirius-24 Box ’Red’ where the yellow, red and
infrared (appears in purple) LEDs are visible; there are 24 LEDs in total, one under
each well of a 24-well plate B: Photograph of the LED structure of Sirius-8 where
9 LEDs are positioned under each well and C: Cross-section diagram applicable
to both devices
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Over this thesis work, the maximum of the emission spectrum of the LED will
be taken as the reference wavelength of the LED. As all physical light emitters,
LEDs have a non-zero bandwidth (typically around 20 nm) and, by definition, they
are thus not monochromatic. However, this will be omitted in the text and in the
interpretation of the results, mainly for simplicity reasons. The effect observed will
be attributed to the central wavelength of the LEDs. This represents a limitation in
the notation only. The effect of the bandwidth of the light source is most probably
not null, however the study of its impact is not included in the scope of this work.
A second limitation of the mechanical design of the devices is the inter-wavelength
contamination. Indeed, the Sirius devices have been designed to allow the irra-
diation of multiple cell culture dishes at the same time, side by side, with one
single wavelength per target. The mechanical structure has therefore been de-
signed to limit the light contamination of irradiation by a neighboring irradiation,
potentially at a different wavelength. However, it is certain that a small amount of
inter-wavelength contamination will occur due to always-existing reflections and
misalignment. This amount was non measurable with a powermeter (Ophir Nova
II, its sensor PD300-3W-V1, calibrated in October 2014), and therefore assumed
to be small enough in front of the primary irradiation. The effect is thus assumed
to be of low significance.
Beam homogeneity
LEDs have a high numerical aperture allowing homogeneous illumination of ob-
jects of larger sizes. The angular distribution of the intensity of the LED beam is
not homogeneous over 2sr, and more energy is generally directed toward the
front direction. It was therefore needed to select an homogeneous angular cone.
The forward restricted cone of the emission beam of one LED (up to 30 off axis)
is quasi-homogeneous and powerful enough to irradiate areas of several square
centimetres (See Figure 2.12). This is enough to irradiate one single well of a
24-well plate using one single LED (i.e. design of Sirius-24). When the area to
illuminate is larger, in the 35 mm dish for example, it is possible to combine the
beams of several LED to create a larger homogeneous area. If the target is placed
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far away enough, the combined beam will provide a highly homogeneous illumi-
nation with a powerful beam. In the Sirius-8 design, 9 LEDs are combined under
each well allowing a higher irradiance range, as can be seen in the description of
the technical characteristics in section 2.5.4.
The homogeneity of Sirius-24 and Sirius-8 were both estimated to be within 10%
(Fig. 2.12).
well diameter
well diameter
average
average
15 mm
40 mm
Sirius-24 Sirius-8
Figure 2.12: Typical profiles of one single light beam in the axial x-y direction (at
450 nm) in Sirius-24 and in Sirius-8 measured using a standard camera (shown
for 450 nm in Sirius-24 and 655 nm in Sirius-8, all wavelengths behave similarly).
2.5.3 Assessment of the thermal increase in target when treating
with visible light (FLIR Infrared Camera)
An important consideration of the design of any study in photobiology is the char-
acterization of the light-associated thermal increase. Indeed, most objects ab-
sorbs light, including the cell culture plates and support. It is therefore necessary
to verify that light is not influencing too much the thermal equilibrium of the cells’
environment in vitro. Thermal measurements during light treatment on a black
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24-well plate were made using the Sirius-24 device for light irradiation and a FLIR
Infrared camera as a thermometer. Tests were performed outside the incubator.
The optical settings tested were the same as the ones tested in the parameter
screening experiments (Tab.2.7).
At the end of treatment, the images obtained from the FLIR camera revealed
small differences in temperature between the control and treated wells (Fig. 2.13).
Specifically, irradiation with all the wavelengths (except yellow, 590 nm) were as-
sociated with a slight increase of the temperature (up to 2 C) compared to control.
However, the impact of blue, cyan, green, red and infrared wavelengths on the
dermal fibroblasts metabolic activity was not similarly impacted, and even some-
times triggered an opposed response (See results, chapters 3 or 4). Indeed, short
visible wavelengths have been shown to inhibit the metabolic activity of dermal fi-
broblasts while long visible and NIR wavelengths treatment results in neutral to
stimulatory effects on dermal fibroblasts in similar dose range (Chapter 3).
Next, the temperature of the cells’ environment never exceeded 37C and was al-
ways included in the skin temperature range (Olesen, 1982) which suggests that
no significant effect would be expected to occur.
Additionally, this difference in temperature between treated and control wells is
assumed to have an insignificant effect due to the limited time of treatment and
the fact that immediately after treatment each well was replenished with fresh cul-
ture medium and the culture plate was put back in the incubator.
Finally, in vivo, it is important to note that the skin chromophores such as melanin
and haemoglobin will be highly optically absorbing and will induce a strong heat-
ing effect in response to light treatment. Therefore, in vivo it will be impossible
to separate the direct effect of light from an increased temperature. Chasing the
strict equality of temperature between control and treated wells would thus appear
as artificial.
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Figure 2.13: Temperature profiles before and after light treatment using the DoE
light parameters (high irradiance and high radiant exposure). Top (blue 450 nm,
cyan 500 nm and green 530 nm), bottom (yellow 590 nm, red 650 nm and IR
850nm). Maximum differences recorded after treatment were 1.5 and 2 C for
green and infrared treatments respectively. The culture plate was a black 24-well
plate and was imaged from above. The focus of the camera was made on the lid
of the culture plate. The localization of wells 1,2,3 and 2 were indicated in images
for better understanding.
2.5.4 Technical specifications of the LEDs present in both proto-
types: Sirius-24 & Sirius-8
All LEDs included in the prototypes are manufactured by Luxeon Lumileds Color
Series except the infrared LEDwhich is fromOSRAMOslon Black Series. Datasheets
were available from the manufacturer and describe the spectral and power prop-
erties of the corresponding LEDs. Key specifications of the LEDs used in the
devices Sirius-24 and Sirius-8 are extracted and shown in tables 2.3 and 2.4 re-
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spectively.
Box Color Wavelength
(nm)
Reference Radiometric
Flux (mW)
Radiometric
Flux (lm)
”Blue”
Blue 447 LXML-PR01-0500 910 N.A.
Cyan 505 LXML-PE01-0070 N.A. 122
Green 530 LXML-PM01-0090 N.A. 150
”Red”
Yellow 591 LXML-PL01-0040 N.A. 77
Deep Red 655 LXM3-PD01-0300 640 N.A.
Infrared 850 OSLON Black Series 1070 N.A.
Table 2.3: Specifications of LED used in Sirius-24 (no reflectors are used in Sirius-
24)
Box Color Wavelength
(nm)
Reference Radiometric
Flux (mW)
Radiometric
Flux (lm)
Sirius-8
Blue 447 LXML-PR02-1000 1030 N.A.
Green 530 LXML-PM01-0100 N.A. 161
Red 655 LXM3-PD01-0300 640 N.A.
Infrared 850 OSLON Black Series 1070 N.A.
Table 2.4: Specifications of LED used in Sirius-8 (LED 447, 530 and 655 are
used in combination of a reflector OPC1-2-COL on top reducing the FWHM of the
angular distribution to 26 degrees.)
2.5.5 Software control of the light-based devices
The software was programmed under LabView, environment controlling the dif-
ferent electrical components via the PC.
The control allows the variation of the current going through the LEDs, as well as
of the ’on’ and ’off’ times of the LED. Irradiance levels were measured at specific
positions for both devices. The devices have working distances of 13 mm and
50mm for Sirius-24 and Sirius-8 respectively. The irradiance was then measured
at the heights corresponding to the working distances using a Powermeter Ophir
Nova II with its sensor PD300-3W-V1 (recently calibrated, October 2014). They
were measured at the maximum current under which these LED can be driven
according to the datasheet i.e., 700 mA. These are thus the highest irradiances
reachable on the device since getting closer to the LED is mechanically impossi-
ble (less than a working distance). Irradiances are summarized in tables 2.5 and
2.6.
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Box Wavelength (nm) Measured Irradiance (mW:cm 2) @ 13 mm
”Blue” Box
447 50
505 40
530 30
”Red” Box
591 10
655 65
850 80
Table 2.5: Sirius-24: Irradiances at 13mm distance from the LED chip, measured
under the maximum (software) current of 700 mA using Ophir Powermeter Nova
II and sensor PD300-3W-V1 calibrated Oct-2014
Box Wavelength (nm) Measured Irradiance (mW:cm 2) @ 50 mm
Sirius-8 Box
447 225
530 73
655 163
850 125
Table 2.6: Sirius-8: Irradiances at 50 mm distance from the LED chip, measured
under the maximum (software) current of 700 mA using Ophir Powermeter Nova
II and sensor PD300-3W-V1 calibrated Oct-2014
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2.6 Design of flexible monochromatic light-based illu-
mination devices
In total four monochromatic prototypes were designed and built in order to per-
form experiments that required more flexibility than the restricted working formats
offered by Sirius-24 and Sirius-8. The following wavelengths were selected: 450,
530, 655 and 850 nm. The light source component were LEDs mounted on Star
PCB (Printed Circuit Board) as shown in figure 2.14. The components references
were: LUXEON Rebel LEDs on SkinPAD-II at 450 nm, 530 nm, 655 nm (Luxeon
StarLEDs) and OSLON IR 4 PowerStar LEDs at 850 nm (RS components). The
visible Luxeon StarLEDs were completed with optics in order to make the beam
more convergent (Khatod 30° 25 mm Circular Beam Optic - Integrated Legs).
These devices were used for various experiments such as: irradiation of cell-free
media and real-time light treatment on confocal microscope.
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Figure 2.14: Photographs of the light source component: LEDs mounted on a
Star PCB (above) and the complete setup including power supply, heat tank and
mechanical support (below)
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2.7 Experimental methods involving light treatment
2.7.1 Measurement of the optical absorbance of common cell cul-
ture media
When treating cultured cells with light, the absorption of the media in which the
cells are cultured is of primary importance. Usually the medium of culture for pri-
mary fibroblasts is DMEM (Dulbecco’s Modified Eagle Medium) with serum (com-
monly 10%). The specific composition of DMEM can be found online and includes:
inorganic salts, amino acids, other components such as phenol red and some ad-
ditives such as glucose. The full composition includes a few tens of components
and some of them are known to have light absorbing properties: amino acids
such as tryptophan can have strong UV absorbance (Edelhoch, 1967), flavopro-
teins such as riboflavin and all FAD- or FMN- containing molecules have strong
UV properties, and large tails in the visible spectra till almost 550 nm (Massey
and Ganther, 1965). Serum also contains Vitamin A (at least three forms retinol,
retinal and retinoic acid) which will also have absorption properties depending on
which molecule it is coupled to (Dartnall, Bowmaker, and Mollon, 1983). All three
are present in the culture medium as well as in vivo in skin (Lee, Lerner, and Hal-
berg, 1953; Vahlquist et al., 1982).
The visible absorption spectra of DMEM was measured with and without phe-
nol red (Fig. 2.15 A), as well as the fine UV/visible absorption spectra of DMEM
(without phenol red) and serum (Fig. 2.15 B). DMEM appears to have no visi-
ble absorbing properties itself perhaps expected, since it looks highly transpar-
ent. However it is known that DMEM contains components such as riboflavin with
known absorbing properties. Their quantity may just be too small and so cannot
absorb enough light to be detected by the spectrophotometer. Serum exhibits an
intrinsic yellowish color and this is reflected in the absorption spectra. Compo-
nents in serum absorbs light at around 420 nm, attributed to haemoglobin present
in serum (Lamola et al., 2013).
However, in general, no components of themedium appear to have strong absorb-
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ing properties (apart from phenol red), which will significantly change the level of
light reaching the cells or increase the temperature of the medium. Most of the
species previously mentioned will absorb light but will not significantly reduce its
intensity as their concentration in the culture medium are very small. Still, it is
clear that components contained in the medium may be triggered by light through
photo-chemical reactions. These components of the DMEM and serum will also
be present in vivo as suggested by Liebel et al. (Liebel et al., 2012). Their study
showed similar effects of UV and visible light regarding the induction of reactive
oxygen species following irradiation in vivo (Liebel et al., 2012); and in vitro in the
study by Sato et al. which showed UV photo-chemical reaction on riboflavin (Sato
et al., 1995).
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Figure 2.15: Absorption spectra of biological media, panel (A) DMEMwith and w/o
phenol red and panel (B) DMEM w/o pheneol red and serum (pure), measured
with NanoDrop 1000 Spectrophotometer
2.7.2 Light treatment protocols
In order to separate direct and indirect effects of the light treatment on the cells,
several protocols were used:
Treatment in PBS
To prevent any interaction between light and the culture medium, treatment was
performed in PBS with [Ca2+;Mg2+] during light treatment. After treatment the
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PBS was removed and fresh medium was replenished. Two washes were per-
formed during this procedure.
Treatment followed by replenishement of the culture media
In order to take into account the interaction of light and culture medium, cells
were also irradiated in culture medium. Right after light treatment, the culture
medium of each treated wells was replenished. This prevented prolonged contact
of irradiated culture medium with the cells.
Treatment by ´irradiated cell-free media´
To assess any potential indirect impact of light on dermal fibroblasts via possi-
ble interactions with irradiated DMEM culture medium, a cell-free DMEM medium
was similarly irradiated using the same wavelengths and doses of light and im-
mediately brought in contact with the test cells. The time of cell ‘exposure’ to
light-irradiated cell-free medium was equal to that of treatment when light was
applied directly on the cells.
2.7.3 Live cell imaging setup with side irradiation
Confocal microscopy was used to image live cells during irradiation with visible
and NIR light. The aim was to assess the direct light effect on cellular proper-
ties such as redox homeostasis. After the loading of the cell culture with a fluo-
rescence dye, the dermal fibroblasts were imaged using a confocal microscope
(Leica TCS SP5). In order to image the effect of the irradiation of the cells in real-
time, a side light source was fixed in the close surroundings of the culture plate
and pointed in the direction of the cells (See fig. 2.16). The irradiance of the light
treatment reaching the cells was measured using a powermeter Ophir Nova II and
sensor PD0130 inserted at the location of the culture dish. The irradiances were
fixed at 30 mW:cm 2 at 450 nm and 30 mW:cm 2 at 850 nm. The wavelength
of the irradiation and excitation/emission were carefully selected in order to avoid
any color overlap.
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Figure 2.16: Photographs of the setup used to measure/image real-time response
of in vitro cell culture to visible and NIR light. A: Power supply for the light source,
B: LED light source and its heat tank mounted on a mechanical support, C: mi-
croscope stage and culture dish.
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2.8 Design Of Experiment (DoE)
A statistical approach was used for a systematic assessment of the impact of op-
tical and biological factors on the response of human dermal fibroblasts to light.
It is based on a factorial design of experiment, allowing identification of the fac-
tors having a significant impact on the variation of a variable under investigation,
i.e., Alamar Blue® reading for metabolic activity in case of this study. Such fac-
tors span a multidimensional space and are related to light treatment (i.e., optical
variables) and the target and its environment (biological variables). Optical vari-
ables investigated in this project: wavelength (nm), irradiance (mW:cm 2), radiant
exposure or dose (J:cm 2). Biological variables included: serum concentration
(% FBS), confluency (cells per units of surface), oxygen level (%) and treatment
protocols (with or without replenishment of media after treatment, treatment with
irradiated cell-free media).
Each factor was then varied along pre-defined levels; in the present case this
was 2, except for wavelength where 6 discrete wavelengths were used. The level
intervals were chosen to be large enough to show impact, if present, on the vari-
able of interest. The selected levels for optical parameters are given in the next
section, while the levels of the biological factors are mentioned in the associated
experimental results.
The pre-defined factors were then varied within the same experiment in a full fac-
torial design mode. This allowed for a fair estimation of the effect of each factor
independently, as well as any interaction between them. As a consequence, the
number of experiments performed was equal to the number of levels to the power
of the number of factors. This provided statistical power when assessing the effect
of one factor on variation of the readout, as the variation of response due to each
level was weighted by the same combinations of all the other factors and levels.
The resulting variation is therefore most probably due to the variation of this single
factor itself. Visually two data representations were adopted here, namely a) main
effects plot and b) interaction plot. While the first shows the effects of each factor
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separately, the second shows the interaction between the factors and how this
impacts the variable of interest, e.g., metabolic activity. The statistical analysis
was performed using ANOVA.
Our measurement method and setup were analyzed through a gage R&R ap-
proach. Operator, measuring instrument and method (plate reader, etc.), mi-
croplate type (black/white), illumination system and technical repeatability were
all tested. The results of the ANOVA analysis directly determined the selection
of optical treatment parameter and method to reduce the variability and reach an
acceptable level of reproducibility and repeatability ([Editorial], 2016).
2.8.1 Selection of the light parameters to be tested on the dermal
fibroblast subpopulations
In order to assess the influence of the optical factors on the responses of fibrob-
lasts sub-populations, three optical factors were varied within 2 or 6 (in case of
wavelength) levels. The following levels are shown in table 2.7. In this thesis,
these will be often referred to as level 1 and 2 or level low and high (i.e. and
not with the actual numerical value of the factor). While a DoE assesses a large
number of very different combination of parameters, its advantage also relies on
its ability to reveal the trends resulting from varying a factor.
2.8.2 Experimental details on the implementation of the DoE
The design of experiment approach was carefully followed to reveal the impact of
optical treatment parameters on the dermal fibroblasts subpopulations. Typically,
24-well plates were used to assess the change in the metabolic activity of fibrob-
lasts after light treatment. The cells were treated daily over 3 consecutive days,
during which the culture medium was refreshed after each light treatment, unless
stated. Light treatment was conducted outside the culture incubator but never ex-
tended beyond a maximum of 45 minutes at room temperature. Any increase in
temperature of the cell substratum due to the light treatment was assessed using
a FLIR infrared camera (SC600). Thermal increase never exceeded 37 C (i.e.,
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Wavelength (nm) Irradiance (mW:cm 2) Rad. Exposure (J:cm 2) Exposure Time (s)
453 10 2 200
453 50 2 40
453 10 30 3000
453 50 30 600
500 10 2 200
500 40 2 50
500 10 30 3000
500 40 30 750
530 10 2 200
530 30 2 67
530 10 30 3000
530 30 30 1000
590 3 2 667
590 7 2 286
590 3 8 2667
590 7 8 1140
655 10 2 200
655 65 2 30
655 10 30 3000
655 65 30 460
850 10 2 200
850 80 2 25
850 10 30 3000
850 80 30 375
Table 2.7: List of the 24 Light Parameters Combinations used in a typical DoE
body and culture incubator temperature) for all tested wavelengths and at all treat-
ment time intervals. In a typical experiment the same 24-well plate contained both
control and treated groups, as one row of the 24-well plate was always kept as
control, i.e. not irradiated. This helped to control for any effect due to the treatment
being performed outside the incubator. Indeed, both control and treated groups
were always under the same ambient conditions. Light treatment was performed
using transparent DMEM medium without phenol red (Sigma, D5921). A typical
protocol is shown as a scheme in figure 2.17.
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Seeding  
(~ 20 % confluency) 
 
Day 5 
Picture 
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Day 6 
Picture 
 
Day 7 
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-Extraction 1 mL  
for Sircol 
 
 
Day 8  
-Picture 4 
-Alamar Assay 
Light Treatment 
Light Treatment 
Light Treatment 
Figure 2.17: Protocol of a typical experiment following the design of experiment
approach.
2.8.3 Optical and biological factors included in the design of exper-
iment
The impact of several optical and biological factors have been systematically in-
vestigated over the course of this thesis. Their impact was generally studied in
accordance with a design of experiment methodology. The included factors are
listed in table 2.8.
Optical Biological
wavelength, irradiance, radiant expo-
sure
serum concentration, confluency, lin-
eage, environmental oxygen concen-
tration
Table 2.8: Optical and biological factors included in the study
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2.9 Image processing and time-series analysis
The impact of visible and NIR light on dermal fibroblast behavior and morphology
was observed in real-time using confocal fluorescence microscopy. Time-series
images were recorded over short time (30 minutes at maximum). In order to an-
alyze the time series data, a 2-step procedure was used. First, the images were
processed to remove the background intensity, i.e. the fluorescence background
intensity present in the images acquired on the confocal microscope. Second, the
ImageJ plugin Time Series Analyzer (Balaji J, Dept. of Neurobiology, UCLA) was
used to record the intensity of selected ROIs (cells) in the image over the time
sequence.
2.9.1 Fluorescence background removal algorithm
A simple algorithm was built in order to remove the background of the images.
For each image, the average intensity of 3 separated areas of the images (area of
the image without objects) were recorded. The spatial locations and the average
intensity of the selected background areas were used to interpolate a map of the
background level. This map was simply subtracted to all the images of the time
series. This was repeated for each image sequence which was analyzed.
2.9.2 Analysis of time series
The image sequences were analyzed over time using the Time Series Analyzer.
For each image sequence 10 ROIs were selected from around 10 individual cells.
Each ROI was drawn by hand, via the mouse, to surround the individual cell as
illustrated on figure 2.18. Each ROI average intensity was automatically recorded
for each time frame.
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Figure 2.18: Selection of region of interest (ROI) in a typical fluorescence image
via ImageJ. The ROI contours were drawn by hand.
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2.10 Statistical Analysis
Statistical analysis was used throughout this project to compare populations. Stu-
dent t-test and ANOVA analysis were the two main tests used (Seltman, 2015).
2.10.1 Significance difference between two statistical populations
A significant difference between two populations is reached when the mathemat-
ical means of each population is different and their distributions are statistically
different. While the first criterion is trivial and just an application of the mean 
formula, the second one requires a test giving a binary response true or false de-
pending on a limit. The result of the test will be true if the probability of false falls
below the limit. Typically, in this thesis, the levels of significance are indicated with
the results presented. When not specified the statistical significance levels will be
taken as shown in table 2.9. Several tests exists to assess the difference between
two independent Gaussian variables although, the student t-test is broadly used
though and will be described in this section. A second statistical tool of interest
is the ANOVA (Analysis of Variances) assessing the effect and interaction of a
group of two or several variables on a readout. ANOVA analysis were routinely
performed in this project.
Several generic formulae are included here:
The mean of a variable X:
X =
1
N
NX
n=1
Xn (2.1)
The standard deviation of a variable X:
X =
vuut 1
N   1 
NX
n=1
(Xn   X)2 (2.2)
2.10.2 Student t-test
The student t-test relies on the application of the formula shown in equation 2.3,
it calculates the probability that two independent Gaussian variables X1 and X2
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p-value upper limit Significance Star
0.05 Low *
0.01 Medium **
0.001 High ***
Table 2.9: Significance levels used when assessing the statistical differences be-
tween two populations
have the same mean. If the test is negative, and the two variables do not have the
same mean, it computes from a table of values a p-value reflecting the ’chance’
that this result is due chance i.e., randomness. In order to be confident that both
variables have indeed a different mean and are significantly different, the p-value
must be under limits of confidence as the one shown in table 2.9.
t =
X1   X2q
2X1
N1
+
2X2
N2
(2.3)
2.10.3 ANOVA
Analysis of variance allows a statistical comparison of 2 or more populations. In its
basic form, this method returns a binary response of whether or not the different
tested populations belong to the same statistical population.
Assumptions and Hypothesis
Analysis of variance relies on three assumptions:
- Normal Distribution of the statistical populations
- Homogeneity of their variances.
- Statistical independence of the errors.
The hypothesis tested is called the null hypothesis, meaning that all the tested
groups have been randomly picked from the same statistical population. The re-
jection of the hull hypothesis leads to statistical differences between the groups.
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Principle of the method
In this project, a one-way analysis of variance was performed. It considered one
variable and evaluate the influence of several factors. The variable was the fi-
broblast metabolic activityM , and the factors were the wavelengthW , irradiance
I and radiant exposure R. The analysis evaluated the separate influence of each
of the factors at the first order, i.e. linearly dependant on the value of the factor
itself, and while will also look at the interactions between the factors at the second
order, i.e. dependant on the combined variation of 2 factors.
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2.11 Prediction of the optical transport in turbidmedium:
Monte Carlo Optical Model (MCOM)
2.11.1 General Description of the Monte Carlo method
A Monte Carlo method is a numerical evaluation of a quantity using random pro-
cesses. It has numerous applications, and one of them is optical transport in a
turbid medium. While an analytical solution of the light propagation in any medium
could theoretically be obtained by solving the Radiative Transfer Equation, the
complexity of biological tissue in non-flat layers and sub-layers makes it a very
difficult problem to solve. Monte Carlo methods applied to optical propagation
can be used to derive a numerical solution of the radiative transfer equation in
complex media. The first use of Monte Carlo methods for optical transport can
be attributed to Wang & Jacques (Wang, Jacques, and Zheng, 1995), where the
method is fully described.
The process relies on two major light-matter interactions: absorption, where light
energy is absorbed by component in themedium (typically melanin and haemoglobin
in the skin) and scattering, where light bounces off a component and changes di-
rection (typically collagen fibers and components in the dermis). A medium has
at the same time absorbing and scattering properties, characterized by two coef-
ficients absorption and scattering coefficients a s respectively. Two other op-
tical properties are involved in a Monte Carlo transport simulation: the index of
refraction and the anisotropy factor. The first describes how light propagates in-
side a medium, while the second is linked to its scattering property. Indeed the
anisotropy factor, usually noted g, is a numerical value related to the ’way’ the
medium scatters. It takes values from 0, fully isotropic scattering where light is
randomly scattered in all the possible directions, to 1, fully anisotropic situation
where light is scattered in one direction. Skin has typically a value of 0:8, describ-
ing an almost straightforward propagation. A typical function to get the actual
angular probability of a scattering event is the Henvey-Greenstein function, equa-
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tion 2.4.
p() =
1
4
1  g2
(1 + g2   2g cos()) 32 (2.4)
This Greenstein function is not null for back-scattering angles, therefore it is worth
mentioning that a photon packet can be back-scattered.
Using a mathematical modeling both interactions and a high number of iterations,
it is possible to evaluate the photon density spatial distribution resulting of the
illumination of a medium.
2.11.2 Input parameters of the model
The evaluation of the propagation of light photons in a turbid medium is highly de-
pendent on the geometrical and optical properties of the medium. The skin itself
is generally modeled in parallel layers including stratum corneum, viable epider-
mis, dermis and subcutaneous layer. Geometric parameters include the general
physical size and thickness of the skin layers, while optical properties describe the
variation of the absorption and scattering coefficients of each layer with respect
to the wavelength applied.
Next, the wavelength and the beam geometry will strongly impact the spatial dis-
tribution. Indeed most of the optical properties of the medium depends on the
wavelength, and the geometry will directly impact the propagation of photon as it
defines the entry of the photons in the skin.
2.11.3 Output parameters of the model
The main output of Monte Carlo optical simulations is the amount of deposited
photon energy in skin compartments versus spatial coordinates.
A grid has thus to be defined in order to register photon energy deposition versus
spatial coordinates. It represents a 3D-cut of the virtual skin labeled (x; y; z) with
a pre-chosen spatial resolution (x; y; z).
A large number of virtual photons N typically 1 108, with energy W , will be
launched throughout the virtual skin, and will propagate in incremental steps de-
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fined by the scattering length, Lscattering as defined in equation 2.5, giving the pace
at which absorption and scattering events occur. While each time an absorption
event occurs the photon will drop a part of its energy W as shown in equation
2.6 depending on the absorption and scattering coefficient of the layer, it will also
be bounced in another direction randomly chosen according to the angular distri-
bution chosen. A photon will virtually lose weight throughout its trajectory until its
remaining weight goes under the threshold limit, after which it will be terminated.
At each coordinate where the photon stopped, it is possible to register at the same
time the weight W of photon energy dropped at this specific location (eg. the ab-
sorption A) and the remaining weightW   W (eg. the density T ) of each photon.
Combining the trajectories and weights of all the simulated photons will create a
photon absorption and density maps. A global principle is shown in figure 2.19.
The mathematical expressions of the quantities, absorption A and photon density
T are shown in equations 2.7.
hLscatteringi = 1
A + S
(2.5)
W =
A
A + S
W (2.6)
Tgrid;elementi [xi; yi; zi] =
X
x xi<x;y yi<y ;z zi<z
Wphotons[x; y; z] (2.7)
Agrid;elementi [xi; yi; zi] =
X
x xi<x;y yi<y ;z zi<z
Wphotons[x; y; z] (2.8)
2.11.4 Variability study: skin model
In this project, the impact of the variation of the optical properties of the skin lay-
ers on the prediction of the optical properties of the skin layers was studied. An
in-house Monte Carlo optical model was thus used to calculate the map of pho-
ton density inside the skin. The input beam was selected as a collimated beam,
homogeneous and square. The Monte Carlo model used was based on the algo-
rithm published by Wang (Wang, Jacques, and Zheng, 1995). The geometry of
the virtual skin was fixed as three infinite layers of defined thickness, and optical
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Figure 2.19: Principle of the Monte Carlo Model for Optical Transport in Skin
properties were assumed uniform within the layers and non-variant. The number
of photon packets sent per simulation was 100 106 ; while the grid resolution
was 20 m in X and Y axes and 16.5 m in the Z axis. The skin had an over-
all size of 2 by 2 cm2 in surface and 3.5 cm in depth (Fig. 2.20). Thicknesses
were taken in accordance to references; epidermis thickness was set to 100 m
(Gambichler et al., 2006); dermal thickness to 1.4 mm (Dykes, Marks, and Marks,
1977) and subcutaneous fat layer to 2 mm (Booth, Goddard, and Paton, 1966).
The diameter of the input beam was 3000 m.
2.11.5 Literature review of the optical properties of the skin layers
The quantitative values of the optical properties of the skin layers were extracted
from the literature (epidermis, dermis, subcutaneous fat layer). The optical proper-
ties include the absorption and scattering coefficients (A and S), the anisotropy
factor (g) and the refractive index (n). For simplicity the most common skin struc-
ture was adopted, that is to say a three-layer skin model (epidermis, dermis, sub-
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Figure 2.20: Geometry of the three-layer skin model
cutaneous fat layer). However, reports in the literature report the optical prop-
erties of the layers of a more complex skin structure including for example the
separation of vascularized and non-vascularized dermis (Meglinski and Matcher,
2002; Altshuler, Smirnov, and Yaroslavsky, 2005). When the literature report did
not evaluate a 3-layered skin model, the average of multi-skin component com-
plexity was evaluated e.g., the average of the coefficients for vascularized and
non-vascularized dermis was taken as the representative dermis coefficient.
When not available, the anisotropy factor of the subcutaneous fat layer was taken
to 0.75 from Meglinski et al. (Meglinski and Matcher, 2002) in all references and
assumed independent of wavelength, while the index of refraction of both layers
epidermis and dermis was extracted from Ding et al. (Ding et al., 2006) and as-
sumed non-variant; the refractive index of the subcutaneous fat layer was taken
to 1.44 from Meglinski et al. (Meglinski and Matcher, 2002) and assumed inde-
pendent of wavelength.
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Chapter 3: Overview of optical treatment
parameters, photoreceptors and mechanisms
of action involved in photobiomodulation of
human skin cells
The following literature review evaluates the last 30 years of photobiomodula-
tion research to get a global picture of the theoretical knowledge that underpins
the use of photobiomodulation for hair regrowth and wound healing, particularly
around the optical settings used by the researchers. Here four key elements of
current knowledge are discussed including; rationality of selected optical param-
eters; potential photoreceptors; downstream reactions; and the strategies used
by industry to translate photobiomodulation science into effective commercial de-
vices.
3.1 Inconsistencies in reported optical parameters ap-
plied during in vitro studies in the literature
Typically, optical parameters for light therapy such as wavelength, irradiance, and
radiant exposure are obtained from in vitro and ex vivo studies. Translation to in
vivo conditions is therefore needed before the implementation of associated de-
vices in clinical settings. In vitro studies focusing on skin and hair health are most
often performed on isolated cells including fibroblasts (Oplander et al., 2011), ker-
atinocytes (Liebmann, Born, and Kolb-Bachofen, 2010), melanocytes (Bellono et
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al., 2013), mesenchymal stem cells (Lipovsky et al., 2013), hair follicle dermal
papilla cells (Sheen et al., 2015) and others (Guffey et al., 2014; Anders et al.,
2010).
In the context of the heterogeneity of wavelengths of light reported in 60 studies
here, one can see that the associated data span the entire Vis to near-IR range
(see Fig. 3.1). There is some clustering around 420, 630, and 800 nm, with wave-
lengths close to 600 nm predominating. Moreover, variation of up to 2 orders of
magnitude in irradiances (1 mW:cm 2 to 100 mW:cm 2) and radiant exposure (1
J:cm 2 to 100 J:cm 2) is reported in 30 in vitro studies that use primary or immor-
talized keratinocyte and dermal fibroblasts, where the ’working window’ ranges
from 1 mW:cm 2 to 100 mW:cm 2 for irradiance and from 1 J:cm 2 to 100 J:cm 2
for radiant exposure (see Fig. 3.2).
Other perplexing, if not abstruse, features of the current photobiomodulation
Figure 3.1: Histogram representation of the wavelength of the light sources used
across the 60 clinical and in vitro studies on wound healing and hair regrowth in-
cluded in this review. The percentage of use is calculated by counting the number
of times that a particular wavelength was used within all the parameter combina-
tions (wavelength, irradiance and exposure) reported for a particular observed
effect available in the studies included in the analysis.
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Figure 3.2: Scatter diagrams of the optical parameters and experimental out-
comes of the clinical trials for hair regrowth (a), of the clinical trials for wound
healing (b) of the in vitro studies on human dermal fibroblasts and epidermal ker-
atinocytes (c). The filling color of the symbols indicates the wavelength range:
blue – 400 nm, red – 600 nm, black – 1000 nm. The shape of the symbol repre-
sents the observed effect: stimulatory (up triangle), inhibitory (down triangle) or
neutral (round). In (a) and (b) symbols outlined with green are studies where con-
trol group was present. In (c) the outline color of the symbols codes the cell type:
yellow - fibroblast and grey – keratinocytes; the size of the triangle/dot indicate
the cell line type: large – primary and small – cell line.
literature pertain to myriad biological effects associated with the applied optical
parameters. For example, a single light parameter can be reported as effect-
ing alternately stimulatory, inhibitory and neutral change for any given phenotypic
readout (see Fig. 3.2). Some studies are associated with experimental designs
that use very similar but non-identical parameters. For example, studies looking
at the effects of blue light on human epidermal keratinocytes (Liebmann, Born,
and Kolb-Bachofen, 2010; Kim et al., 2013a) have used similar but not identical
wavelengths (i.e., 453 nm versus 410 nm) and still reported opposite effects on
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the expression of the keratinocyte differentiation markers such as keratin-1 and
-10. While this finding may suggest the existence of rather narrow wavelength
‘windows’, it also reflects the importance of defining the model target and culture
conditions under study as they can impact the action of light. This point is clearly
illustrated by the effect of light treatment of human melanocytes and mouse skin
melanoma cells in the presence of retinal and riboflavin, respectively (Wicks et al.,
2011; Ohara, Fujikura, and Fujiwara, 2003).
The effect of other light parameters such as pulsing (Barolet et al., 2010; Brondon,
Stadler, and Lanzafame, 2009), coherence (Karu, 2003) and polarization (Ribeiro
et al., 2004) have less commonly appeared in studies on photobiomodulation.
3.2 Diverse chromophores and photoreceptors mediat-
ing responses to light
The first point of a photon perception in the cell is unknown. There is a wide choice
however, and one can readily list numerous chromophores and photoreceptors
that could potentially mediate the physiological and ultimately, therapeutic effects
of photobiomodulation. For example, relevant receptor molecules include pho-
toactive pigments or chromophores like the flavins (Lewis and Escalante-Semerena,
2006; Ghisla, 1980), pterins (Johnson et al., 1988; Hsu et al., 1996), retinal (Brown
andWald, 1964; Merbs and Nathans, 1992), carotenoids (Sancar, 2000) and sev-
eral metal-containing centres such as hemes and cupredoxins (Caughey et al.,
1975; North, Rein, and Tappel, 1996). These photoactive pigments represent
the photoreactive site of larger molecules called photoreceptors. An extensive,
though inexhaustive, list of photoreceptors includes cytochrome c oxidase (Karu,
2014), cryptochromes 1 and 2 (Bouly et al., 2007), and opsin family proteins (I,
II, III, IV, V) (Denda and Fuziwara, 2008; Haltaufderhyde et al., 2015; Kim et al.,
2013a; Tsutsumi et al., 2009).
Current opinion in the photobiomodulation research community contends that light
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is absorbed by mitochondrial cytochrome c oxidase around 420 nm, 600 nm and
850 nm (Moody, 2005; Mason, Nicholls, andCooper, 2014; Wharton and Tzagoloff,
1964). Photons interacting with this enzyme’s metal centres are thought to trig-
ger the increase of ATP via the generation of a proton gradient. The process
involves the release of nitric oxide NO either via photodissociation from the com-
plex cytochrome c oxidase or via the catalysis of the reduction of nitrite to NO. The
balance results in direct production of ATP and NO as well as ROS as by-product
of the respiration metabolism. All are assumed to be responsible for the observed
biological and therapeutic effects of light (Chung et al., 2012). This view is princi-
pally based on the work of Karu (Karu, 2014) and is widely though not universally
accepted (Lanzafame et al., 2013; Jimenez et al., 2014; Karu, 2014; Khan, Tang,
and Arany, 2015; Blum et al., 2014). This is perhaps because we still do not fully
understand the structure, optical properties, and function of this enzyme nor of its
intermediate products formed during electron transport (Wong-Riley et al., 2005;
Karu and Kolyakov, 2005).
The human cryptochromes (Bouly et al., 2007), reported to be involved in circa-
dian rhythm entrainment (Vieira et al., 2012; Hoang et al., 2008), contain two key
photoactive pigments, pterin and flavin, which define their absorption spectrum
in the UV-blue spectral range (Rajagopalan and Handler, 1964; Cashmore et al.,
1999) with two prominent bands around 350 nm and 420 nm. Their analogues in
plants have a clear light-sensitive function (Cashmore et al., 1999). As gene tran-
scription regulators, cryptochromes could potentially be very interesting targets in
photobiomodulation. Indeed, they have been found to be one of themain circadian
clock effectors in mammals (Cashmore et al., 1999; Nakao, 2014) and to partic-
ipate in the regulation of metabolism and immune responses (Narasimamurthy
et al., 2012; Hashiramoto et al., 2010). It is currently hypothesized that light inter-
action with flavin in cryptochrome leads to its conformational change, permitting
transcription factors to bind to the C-terminus. Also, redox reaction of flavins and
therefore cryptochromes can be accompanied by ROS generation and signalling,
indicating the cryptochromes may participate also in ROS signalling (Consentino
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et al., 2015; Arthaut et al., 2017).
More recently, the opsin-family of G-protein coupled receptors, well-known as
photoreceptors responsible for light sensing by retinal cones and rods (Dartnall,
Bowmaker, and Mollon, 1983), have come to the attention of photobiomodula-
tion researchers. They includes OPN 1 (Short, Middle and Long wavelengths)
in cones, OPN 2 (or Rhodopsin) (Stenkamp, Teller, and Palczewski, 2002) in
rods, as well as non-visual opsins, such as OPN 3 or encephalopsin (Koyanagi
et al., 2013), OPN 4 or melanopsin (Melyan et al., 2005; Matsuyama et al., 2012;
Panda et al., 2005) and OPN 5 or neuropsin (Kojima et al., 2011). Peaks of OPN1
to OPN 5 absorption spectra span 380 nm to 570 nm (Dartnall, Bowmaker, and
Mollon, 1983; Koyanagi et al., 2013; Matsuyama et al., 2012; Kojima et al., 2011).
Recently, expression of these selected opsin receptors was demonstrated in non-
visual tissues, such as mouse aorta (Sikka et al., 2014) and even in the human
skin (Tsutsumi et al., 2009), melanocytes and keratinocytes (Haltaufderhyde et
al., 2015; Kim et al., 2013a; Bellono et al., 2013; Tsutsumi et al., 2009), and hu-
man hair follicle (Buscone et al., 2017) making this family an intriguing target for
photobiomodulation for skin and hair. More specifically, they were shown to have
functional effects, Oancea et al. showed that human epidermal melanocytes were
expressing rhodopsin, and that this last was regulating melanin production under
UVA radiation (315 to 400 nm) (Haltaufderhyde et al., 2015; Bellono et al., 2013),
Berkowitz et al. demonstrated that the vaso-relaxation of ex vivo mouse artery is
regulated via blue light interaction with OPN 4 (Sikka et al., 2014), Kim et al. re-
vealed that specific human epidermal keratinocytes differentiation markers were
down-regulated by violet light (410 nm) irradiation via rhodopsin mediated path-
ways (Kim et al., 2013b), and, Buscone et al. showed that blue light (453 nm)
exerted a positive effect on hair growth ex vivo.
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3.2.1 Absorption spectra of photoreceptors relevant for skin pho-
tobiomodulation
The presence of peaks and position of maxima in absorption spectra of both chro-
mophores and the chromophore-protein complex depend on many variables. As
an instructive example Brooks et al. (Brooks, Sucheta, and Einarsdóttir, 1997)
showed the evolution of the cytochrome c oxidase spectrum as a function of pH
as an instructive example. Environmental factors include the influence of sur-
ronding molecules, pH, solvent, and more. Yet, typically, there are one or more
absorption bands that will be specific for each of the chromophores and photore-
ceptors.
The absorption spectra of the afore-mentioned photoreceptors can be found in the
literature. Cytochrome c oxidase absorption spectra in both fully-reduced and fully
oxidised forms are available online from the Biomedical Optics Department of the
University of Central London(Moody, 2005). Classical opsin-like photoreceptor
spectra were obtained from spectroscopy measurements of human eye proteins
by Dartnall et al. (Dartnall, Bowmaker, and Mollon, 1983); while spectra of novel
opsin-like proteins were taken from Koyanagi et al. (Koyanagi et al., 2013), Mat-
suyama et al. (Matsuyama et al., 2012) and Kojima et al. (Kojima et al., 2011)
for OPN3, OPN4 and OPN5 respectively. Finally, human cryptochromes spectra
were published in 1996 by Hsu et al. (Hsu et al., 1996).
Limiting ourselves at the visible and near-IR parts of the radiation spectrum, it was
possible to note maximum absorption peaks that could be characteristic of differ-
ent photoreceptors. It must be said here that most of the latter have broad spectra,
strong absorption in the UV range and strong environmental dependence.
Cytochrome c oxidase absorption extends over the whole visible, UV and near-IR
spectrum. Its absorption decreases at the first order with wavelength from UV to
IR. Some local peaks, in the visible/near-IR parts, can be found around 420 nm,
600 nm and 850 nm.
Cryptochromes appear to have strong absorption in UV. Although they also absorb
visible light up to around 700 nm in an almost a linear way, inversely proportional
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to the wavelength. One local peak in the far blue region can be found for both
form CRY1 and CRY2, at around 420 nm.
Opsins spectra are mostly bell-shaped curves allowing a net determination of a
peak and a computation of a FWHM (full-width at half maximum) giving informa-
tion on the spectral extension of the absorption. Peaks are observable around
420 nm, 530 nm, 570 nm, 500 nm, 480 nm, 470 nm and 380 nm for OPN1 (S, M
and L), OPN2, OPN3, OPN4, OPN5 respectively. Typical FWHM average around
100 nm. A summary is showed below in table 3.1.
Table 3.1: Absorption Peaks of photoreceptors relevant for photobiomodulation
in the visible and near-IR spectrum (Dartnall, Bowmaker, and Mollon, 1983; Koy-
anagi et al., 2013; Matsuyama et al., 2012; Kojima et al., 2011; Hsu et al., 1996)
and online data from the Biomedical Optics Department of the University of Cen-
tral London.
Photoreceptor Abs. Peak Position (nm) Area,FWHM (nm)
Cyt. Ox. 420, 600, 850 [400 1000]
CRY1 420 [400 700]
OPN1S 420 100
OPN1M 530 120
OPN1L 570 130
OPN2 500 110
OPN3 480 115
OPN4 470 105
OPN5 380 70
3.3 Multiple downstream biomolecular reactions explain-
ing physiological effects
In addition to understanding the role of existing versatile potential photoreceptors
present in human skin, the next challenge of the growing field of photobiomodu-
lation is to unravel the exact molecular reaction cascades that mediate the physi-
ological effects of light.
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Given the considerable existing complexity, one has to start somewhere. For ex-
ample, the absorption of red light by cytochrome c oxidase is traditionally accepted
to trigger numerous reaction cascades that alter cellular homeostasis (e.g., fluxes
in pH, [Ca], cAMP, ATP, NO) (Karu, 2014). Blue light is often reported to pho-
tolytically generate NO and ROS from nitrosated proteins and NADPH oxidase,
respectively. These can then modulate cell metabolic activity, vasodilatation and
improve wound healing (Liebmann, Born, and Kolb-Bachofen, 2010; Opländer et
al., 2013). IR light has been shown to activate epidermal keratinocytes in vitro
(Basso et al., 2013; Grossman et al., 1998) and to induce ROS production in
mouse skin (Khan, Tang, and Arany, 2015).
In addition to these more ‘traditional’ downstream cascades, that follow the inter-
action of photons with chromophores or photoreceptors and leading to physiologically-
relevant effects, new intriguing insights are emerging in the literature. Interest-
ingly, red light has been reported to induce rhodopsin-mediated, phosphodiesterase-
dependent recovery of skin barrier function (Denda and Fuziwara, 2008; Goto et
al., 2011). In contrast, violet light of 410 nm suppresses human epidermal ker-
atinocyte differentiation by the activation of rhodopsin, probably involving specific
signalling pathways via Gi (Kim et al., 2013a). Expression of rhodopsin was also
detected in human epidermal melanocytes, where it can be activated by violet-
blue, 315 to 400 nm light. This leads to the activation of a transduction pathway
involving Gaq-protein and TRPA1 eventually leading to intracellular calcium in-
fluxes and melanogenesis (Haltaufderhyde et al., 2015; Bellono et al., 2013).
The diversity of molecular reactions potentially stimulated by light, and the paucity
of information about the specific pathways underpinning the observed phenotypic
change(s) makes it difficult to rationally choose appropriate readouts for assess-
ment of light effects. Currently, multiple cellular readouts have been evaluated
where the impact is typically assessed via cell viability (Hawkins and Abrahamse,
2006; Poon, Huang, and Burd, 2005; Esmaeelinejad et al., 2014; Evans and
Abrahamse, 2008), proliferation (Oplander et al., 2011; Grossman et al., 1998;
Hawkins and Abrahamse, 2006; Poon, Huang, and Burd, 2005; Evans and Abra-
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hamse, 2008; Webb, Dyson, and Lewis, 1998; Zhang et al., 2003; Houreld et al.,
2008; Rigau et al., 1994; Webb and Dyson, 2003; Pellicioli et al., 2014; Azevedo
et al., 2006), differentiation (Liebmann, Born, and Kolb-Bachofen, 2010; Kim et
al., 2013a; Taflinski et al., 2014), morphology (Esmaeelinejad et al., 2014; Evans
and Abrahamse, 2008; Rigau et al., 1994), and apoptosis (Liebmann, Born, and
Kolb-Bachofen, 2010; Houreld et al., 2008). However, more specific methods are
now needed to elucidate the stimulated pathways, including the assessment of
changes in expression of specific genes expression in particular skin cell subpop-
ulations for selected application (Zhang et al., 2003; McDaniel et al., 2010; Becker
et al., 2015).
3.4 Pitfalls of translational research
Despite significant difficulties in interpreting the available published data derived
from laboratory-based studies, there appears to be no doubt that photobiomodula-
tion is indeed a real phenomenon, and one that has already begun to be translated
for the management of a variety of dermatological conditions. Examples of asso-
ciated claims range from healthier and thicker hair or improved hair counts 3 to 6
months after light treatment (red light, 650 nm) in cases of male and female age-
associated hair loss (Lanzafame et al., 2013; Lanzafame et al., 2014; Leavitt et
al., 2009), to acceleration of healing due to improved contraction after treatment
of abrasions with red and infrared light (broadband, 600 to 1000 nm) (Hopkins
et al., 2004) and improvement of psoriasis in two clinical trials (Weinstabl et al.,
2011; Pfaff et al., 2015) where blue light (450 nm) reduced the severity of psoria-
sis vulgaris via downregulation of keratinocyte proliferation.
One of the aspirations of this project, during this detailed examination of the asso-
ciated literature, was to see how to achieve greater consistency in optical param-
eters for in vivo studies. Indeed, the ‘optical window’ as reported for hair regrowth
and wound healing appears slightly narrower than for other applications (Fig. 3.2,
A and B), although in many cases reported irradiance and radiant exposure levels
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vary by as much as 2 orders of magnitude.
A key question here is how (and if) high levels of inter- and intra-study variability
in the devices’, optical performance affect their reported therapeutic efficacy. To
tackle this, the examination of photobiomodulation in hair growth is relevant, as the
hair follicle is an excellent model to interrogate how light may influence complex
biological tissues in health and disease. Also there are now at least twenty FDA-
cleared (i.e., for safety, rather than efficacy) light-based devices for the treatment
of androgenic alopecia in male and female, where reported efficacy was similar
to that of existing drugs for hair regrowth (e.g., minoxidil and finasteride) (Mysore,
2012). Long-term data is required however, before definitive comparisons can be
made between these light-based therapies for hair regrowth and current approved
drug treatments. Here the focus was placed on three of the better known devices,
a comb (device A), and two helmets, (devices B and C), which all use red light,
albeit with somewhat different wavelengths: 660 nm (device A), 670 nm (device
B) and 650 nm (device C) and emit beams of 5mW power in a continuous wave
mode (with exception of device C, which has has extra pulsing LEDs).
However, the devices differ significantly in the number of beams per device (comb
A emits 9 beams, helmet B emits 80, and helmet C emits 51 beams) and appli-
cation duration to cover the area of treatment (helmets B and C directly treat a
significant area of the scalp, while the comb (A) must be moved each 4 seconds
to cover the same area as the helmets). As such, treatment time per spot is longer
for the devices B and C (see Table 3.2).
Furthermore, the devices differ in their beam size and profile at the skin surface
(Fig. 3.3 a-to c). Thus, having equal emitted optical power, the corresponding
maxima of irradiances are 130, 35 and 2 mW/cm 2 and maxima of radiant ex-
posures at the skin surface, 0.5, 42, and 2.7 J/cm 2 for devices A, B, and C,
respectively.
Calculated photon densities inside the skin at the assumed level of the terminal
scalp anagen hair bulbs (e.g., around 3-4 mm) for devices A and C differ by 10-fold
(see Fig. 3.3 d-f, where Monte Carlo methods of light propagation in tissue were
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Device A B C
Name HairMax Theradome iGrow
Wavelength (nm) 655 678 655
Power per source
(mW)
5 5 5
Exposure (s) 4 1200 1500
Dose (J) 0.02 6 7.5
Treatment frequency
(per week)
3 2 3
Efficacy +20 terminal
hairs per cm 2
after 6 months
Thicker and
healthier hair
after 4 to 6
months
35% increase in
hair growth in 4
months
FDA clearance Androgenetic
alopecia in both
adult males and
females (2014)
Androgenic
Alopecia in
adult females
(2013)
Androgenetic
alopecia in both
adult males and
females (2013)
Table 3.2: Specification of devices as given on manufacturer website and in pub-
lications and in clinical trial publications.
used). Given the reported exposure times per treatment session, these devices
will therefore have as much as 40-fold variability in radiant exposure at the level
of the target.
These are very significant differences in irradiances and radiant exposures (per
treatment session and per total treatment period). From this perspective it is
rather astounding and perplexing that these devices offer comparable clinical hair
growth-stimulating efficacy. In particular, for devices A and C the results of pub-
lished clinical trials report a maximal increase of around 20 hairs per unit area
(cm 2) compared to a sham-control group in male and female cohorts (Lanzafame
et al., 2013; Lanzafame et al., 2014; Jimenez et al., 2014) (see Table 3.2). More-
over, at least a report exists stating that there was no statistically-significant dif-
ference between the treated and untreated sides when using a device A (Rush-
ton, Gilkes, and Van Neste, 2012). This uncanny inter-device reported similarity
suggest that they may be stimulating entry of kenogen hair follicles into anagen
rather than having any effect on reversing miniaturised hair follicles per se (Hugh
Rushton, Norris, and Van Neste, 2016; Chu, Santos, and McElwee, 2015). One
perhaps could be excused for concluding, at least for applications of photobiomod-
ulation in hair growth studies, that there is a pitiful lack of rationality for the choice
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Figure 3.3: Beam profile and irradiance at the skin surface based on themeasured
optical output and beam profile (from a to c) and irradiance inside the skin as esti-
mated using Monte Carlo method of light propagation in turbid medium (from d to
f) for three commercial FDA-approved light-based devices for hair regrowth, noted
as Device A, Device B and Device C, respectively. The recommended treatment
durations and the relative maximum intensity are also shown in the upper right and
the lower left corner, respectively. The relative maximum intensity was obtained
by normalizing the photon density of each of the device on that of the Device A.
of selected treatment optical parameters.
3.5 Concluding remarks and recommendations
Here I have surveyed the last 30 years of published literature pertaining to skin
photobiomodulation, and have focused on some of the unresolved complexity that
retards rational development of this field. First, optical parameters remain poorly
characterized and ill-defined. The range in wavelengths, irradiance and radiant
exposures used for stimulating skin cells remain very wide and indeed I struggled
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Device Name Wavelength
(nm)
Maximum
irradiance
(mW:cm 2)
Exposure
(s)
Maximum
Dose
(J:cm 2)
A HairMax 660 130 4 0.52
B Theradome 670 35 1200 42
C iGrow 650 2 1500 2.7
Table 3.3: Measured beam profiles and powers.
to find evidence of any reported rational path for choosing light parameters for skin
and hair follicle photobiomodulation, i.e. studies that could convincingly show the
effect of particular optical parameters in any systematic way.
Second, skin cells express several potential photoreceptors covering the entire
visible and infrared parts of the spectrum. The fact that most are reported to be
involved in a particular photobiomodulation process, suggests that light, even at
a particular wavelength, may trigger several photoreceptors simultaneously. This
highlights the need for much greater sophistication in our research approach, in
order to examine the presence and action spectrum of different photoreceptors as
well as their physiological significance for specific applications.
Third, the mechanisms of action of light ’treatments’ are currently very poorly un-
derstood. Few if any of the assumptions made on their behalf have been proven.
Two potential mechanisms, however, are widely investigated. Red and NIR light,
absorbed by cytochrome c oxidase, may trigger reaction cascades that alter cel-
lular homeostasis (e.g., via changes to pH, [Ca+2], cAMP, ATP). Blue light pho-
tolytically generates NO and ROS from nitrosated proteins and NADPH oxidase,
respectively. These effectors can initiate physiological effects in cells (e.g., effects
like proliferation, vasodilatation or wound healing). While neither of the mecha-
nisms are accepted as being part of the photobiomodulation processes, they do
not provide a convincing explanation for all the physiological effects observed.
Thus, there remains a pressing need to identify the potential molecular mediators
of these processes, and look for their mode of action.
While our understanding of photobiomodulation still has numerous gaps, its trans-
lation to commercial and therapeutic solutions continues apace against this back-
drop of suboptimal characterization. This indicates premature translation with
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consequent suboptimal efficacy. Further translation should ideally follow a more
rational route, both by identifying the key targets of light, in vitro or in vivo, and
involving the application of light stimuli in a controlled way. The latter is likely
to require the use of optical modeling tools for light propagation in tissue as was
successfully done for light-based hair removal (Ross et al., 1999), where melanin,
haemoglobin, and purulent discharge would be strongly affecting light transport.
To conclude I found a lack of consistency in experimental and translational ap-
proaches in photobiomodulation studies both in vitro and in vivo including experi-
mental conditions, treatment methods, clear translation between in vitro study and
in vivo study. Not only should the optical parameters be rationally selected, but so
also should the biological models under study. Most in vitro studies do not even
closely approximate in vivo conditions. Thus, coupling both approaches (i.e., un-
ravelling the photochemical reaction cascades involved as well as controlling the
amount of light delivered to a selected target in vivo) will be required to improve
the efficacy of existing devices and identify new light-based treatment opportuni-
ties for skin and hair health. Similar unresolved challenges are applicable to the
entire field of photobiomodulation-based therapies, where a large leap forward in
basic understanding is required before it finds itself in themainstream of therapies.
3.6 Summary
The literature review of this chapter provides a detailed overview of the inconsis-
tencies surrounding the current knowledge in the fundamentals of photobiomod-
ulation in dermatology. The main results are:
- The investigation of 90 reports published between 1985 and 2015 in pho-
tobiomodulation for wound healing and hair regrowth revealed major incon-
sistencies in the selection of optical treatment parameters for clinical appli-
cations spanning 2 orders of magnitude in irradiance and radiant exposure.
- Commercial light-based devices for hair regrowth were based on inconsis-
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tent optical treatment parameters, however. leading to similar clinical out-
comes. It is recommended to aim for double-blind, placebo-controlled ran-
domized clinical trials as the gold standard for quantifying hair growth when
conducting studies for hair regrowth.
- Many photoreceptors expressed in human skin such as cytochrome c oxi-
dase, cryptochromes, opsins, ion-gated channel etc. may trigger different
molecular mechanisms simultaneously in skin cells.
71
Chapter 4: A systematic approach for the
optimization of the selection of optical
treatment settings in photobiomodulation of
human dermal fibroblasts
As mentioned in the discussion of the previous chapter, photobiomodulation in
dermatology is lacking rationality in the selection of optical settings and under-
standing of the response of biological model, and this is valid for diverse applica-
tions such as hair regrowth and wound healing. This chapter thus aims at answer-
ing some of the questions raised in our literature review: finding the rationality in
the selection of optical parameters and unravel the impact of experimental factors
in photobiomodulation in order to design more robust studies.
One of the results of the previous chapter was that a remarkably wide range of
optical parameters has been applied to both in vitro and ex vivo model systems
(variable across 2 orders of magnitude), where negative, positive and neutral out-
comes are reported for visible and near-infrared (NIR) light despite very similar
optical settings (Mignon et al., 2016b; Afifi et al., 2016; Woodruff et al., 2004; Avci
et al., 2014). For example, exposure of human epidermal keratinocytes to similar
doses of short wavelength visible light (i.e., 420 and 450 nm) were reported to
alternately induce and reduce expression of differentiation markers (Liebmann,
Born, and Kolb-Bachofen, 2010; Kim et al., 2013a).
Clarity on how one particular optical setting truly impacts on cell behavior is com-
promised in published reports that don’t even disclose parameters applied or if
they do sadly report them incorrectly (Mignon et al., 2016b; Hadis et al., 2016).
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Here an hypothesis can be formulated that in vitro cell response to light is not
exclusively defined by optical parameters and regimes, but rather also depends
on treatment protocols. Variations in the latter may account for the myriad incon-
sistencies in the PBM literature (Mignon et al., 2016b).
Indeed, a number of factors can potentially affect PBM experimental outcomes
such as cell confluency, passage, donor, donor age, body site, as well as dif-
ferences in gene expression programs between primary cells and cell lines and
many others even more difficult to apprehend such as the lack of standardization
of the composition of bioactive compounds in FBS batch (Seo et al., 2012; Baker,
2016).
Additional factors will also involve the biological diversity of any one histologically-
distinct cell type e.g., different subtypes of skin dermal fibroblast (DF) (Driskell et
al., 2013; Driskell et al., 2015). These include the reticular and papillary fibrob-
lasts as well as the hair follicle fibroblast subpopulations (dermal sheath and der-
mal papilla) (Sorrell and Caplan, 2004), all having strikingly different morphology,
metabolism and gene expression. It is expected that these different cutaneous
fibroblast subtypes will respond differently to light (Janson et al., 2012; Janson
et al., 2013).
Therefore robust assessment of the therapeutic value of PBM requires multi-
dimensional investigations, where optical (wavelength, radiant exposure, irradi-
ance) and biological factors (cell type, subtype), as well as treatment protocols
(environment of the cells during culture and treatment, supplements/components
in growth medium, treatment iteration etc.) all need to be evaluated.
The aim of this study was to investigate the impact of several key factors such as
wavelength, irradiance, radiant exposure, serum concentration, cell culture con-
fluency, environmental oxygen concentration, light-based treatment regime and
cell culture protocols on the response to light of human dermal fibroblasts in vitro.
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4.1 Impact of optical parameters on the response of hu-
man dermal fibroblasts to light treatment
Accordingly to a body of research on PBM, the wavelength of light and the ra-
diant exposure exert the most profound effect on cell response to optical radia-
tion. Moreover, reports indicating importance of irradiance in defining cell behavior
upon irradiation can also be found in literature (Chung et al., 2012; Karu, 2014).
Indeed, results demonstrated that wavelength (p < 0:001) and radiant exposure
(p < 0:001) of light had the strongest impact on the metabolic activity of human DF.
At the same time, irradiance showed no or little effect (p = 0:6) (Fig. 4.1, A B C).
On average, shorter wavelengths (450, 500 and 530 nm) had a strong inhibitory
impact on fibroblast metabolic activity, while long wavelengths (> 550nm) showed
negligible effects within the tested radiant exposures when cells were cultured at
20% environmental oxygen (atmospheric level).
Wavelength and radiant exposure of light were strongly linked (Fig. 4.2, A p <
0:001), whereby a radiant exposure-dependent cell behavior was seen with the
short visible wavelengths (< 550nm). Low light exposure (2 J:cm 2) exhibited es-
sentially neutral effects on fibroblast metabolic activity at all wavelengths, while
cell inhibitory effects were seen at high exposures of light at 450, 500 and 530 nm
(Fig. 4.2).
By contrast, no interaction was observed between irradiance levels and any of the
optical factors (i.e. wavelength and radiant exposure, Fig. 4.2, B C) in terms of
cell metabolic activity, specifically meaning that a choice of irradiance at a fixed
dose and a wavelength did not impact cell response.
74
A B C
D E F
Figure 4.1: Main effects plot of the wavelength (A), radiant exposure (B) and irra-
diance (C) on the relative metabolic activity of human dermal fibroblasts (reticu-
lar and papillary). Statistical significance was evaluated using ANOVA (N = 3,
2 lineages and 3 replicates). The levels of radiant exposure correspond to 2
J:cm 2 (low) and 30 J:cm 2 (high), the levels of irradiance depended on wave-
length and are reported in table 1 in the Materials and Methods Section. Main
effects plot of serum concentration (D), initial confluency (E) and lineage (F) on
the relative response of the metabolic activity of human dermal fibroblasts after
light treatment (450 nm, 2 to 60 J:cm 2). Statistical significance was evaluated us-
ing ANOVA (N = 2, 2 lineages and 3 replicates), wavelength (p < 0:001), radiant
exposure(p < 0:001) and irradiance (p > 0:05); serum concentration (p < 0:001),
confluency (p < 0:001) and lineage (p > 0:05). The initial ratio at the moment of
seeding between ‘high’ and ‘low’ confluency groups is 5. The control group is has
an average relative metabolic activity of 1.
4.2 Impact of biological factors on the response of hu-
man dermal fibroblasts to light treatment
To assess the impact of several biological factors on the response of DFs to light
a single wavelength (450 nm) was selected as it exerted the strongest effect on
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the relative metabolic activity of the target cells, and varied radiant exposure from
2 J:cm 2 to high 60 J:cm 2 (Fig. 4.1, D E F).
Fibroblast confluency and serum concentration strongly influence how specific
light parameters affect cell behavior (Fig. 4.1, D E). In particular, lower cell conflu-
ency or lower serum concentration resulted in stronger light-associated inhibition
of cell metabolic activity (Fig. 4.2, D E). Both lineages of fibroblasts (i.e., reticular
and papillary) responded similarly to test light parameters (Fig. 4.1, F).
As expected, serum concentration and confluency were related. High serum con-
centrations drove higher fibroblast proliferation and so confluency, given equal
initial seeding density (Fig. 4.3, A B control bars).
In order to isolate the effect of serum concentration alone on the impact of light
treatment, cells both at low and high confluency were treated using the same light
parameter and protocol at the two culture conditions, 2% FBS and 10% FBS. At
60 J:cm 2 (Fig. 4.3, B) the reduction of the metabolic activity of the fibroblasts
grown in low serum was much stronger than at high serum, (60% versus 40%,
respectively). This effect was also reflected in changes in cell morphology. Light
treatment (450 nm, 60 J:cm 2) in low serum and low confluency fibroblasts trig-
gered cytotoxic effects (Fig 4.3, A), while cells in high serum and low confluency
(Fig 4.3, A) and in combinations of high confluency/low serum and high conflu-
ency/high serum (data not shown) exhibited no cytotoxic effects.
To further investigate the effect of defined light parameters on DF metabolic
activity, experiments were carried out at two different cell confluency levels: low
(20%, 5,000 cells per 1.77 cm2 well area at seeding) and a very high (90%, 30,000
cells per 1.77 cm2 well area at seeding) (Fig. 4.4, A). Thus remarkably, the same
light parameter applied to what is typically assumed in the PBM literature as ‘iden-
tical’ cells, albeit at different confluencies, resulted in opposite effects (Fig. 4.4,
B). This was clearly different at two dose levels used, i.e., 2 and 30 J:cm 2 (only
the higher dose is shown). It appears that DF at high confluencies (> 90%) may
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A B C
D E
Figure 4.2: Interactions between wavelength and radiant exposure (A), irradiance
and radiant exposure (B) and irradiance and wavelength (C) and their relative
impact on human dermal fibroblasts metabolic activity (reticular and papillary).
Statistical significance was evaluated using ANOVA (N = 3, 2 lineages and 3 repli-
cates). The levels of radiant exposure correspond to 2 J:cm 2 (low) and 30 J:cm 2
(high), the levels of irradiance depended on wavelength and are reported in table
1 in the Materials and Methods Section. Interactions between levels of radiant
exposure of 450 nm light and serum concentration (D), and initial confluency (E)
and their impact on the relative response of the metabolic activity of human der-
mal fibroblasts. Statistical significance was evaluated using ANOVA (N = 2, 2
lineages and 3 replicates), *** (p < 0:001) and n.s. (p > 0:05). The initial ratio
at the moment of seeding between ‘high’ and ‘low’ confluency groups is 5. The
control group had an average relative metabolic activity of 1.
be more ‘protected’ in response to 450 nm light, at least in context of metabolic
activity.
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AB
Figure 4.3: A: Phase-contrast images of human reticular fibroblasts on day 0 (8
days after seeding) at low initial confluency and cultured in DMEM with two serum
concentrations 2% and 10% (upper line), and after three daily light treatments on
day 4 at a low initial confluency (lower line). Papillary fibroblasts were found to
behave similarly (not shown). A second donor responded similarly (not shown).
B: Relative metabolic activity of human reticular fibroblasts after light treatment
at 450 nm, 50 mW:cm 2 with 60 J:cm 2 (log scale). The high confluency level
showed similar variation as a function of the change in FBS concentration (not
shown), except for the cytotoxic effects observed in low serum/low confluency
only. Statistical significance was evaluated using ANOVA. A second donor re-
sponded similarly (not shown as the scale is absolute). The control group has
an average relative metabolic activity of 1. (N = 2, 2 lineages and 3 replicates).
Standard deviations are shown in errorbars.
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Figure 4.4: A: Phase-contrast images of human papillary fibroblasts on day 0 (8
days after seeding) at a low initial confluency (upper left) and high initial conflu-
ency (upper right), and after three light treatments on day 4 at a low initial conflu-
ency (lower left) and high initial confluency (lower right). Reticular fibroblasts were
found to behave similarly (not shown). B: Relative metabolic activity of human
papillary fibroblasts after light treatment at 450 nm, 50 mW:cm 2 with 30 J:cm 2
in function of the confluency level. Statistical analysis was evaluated using stu-
dent t-tests between the control group and the treated group (N=3, 2 lineages and
3 replicates), with following thresholds p < 0:05 *, p < 0:01 **, p < 0:001 ***. The
control group had an average relative metabolic activity of 1. The significance of
the interaction between the radiant exposure and the confluency level was much
lower than 0.001. Standard deviations are shown in errorbars.
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4.3 Impact of the treatment regimes and protocols on
dermal fibroblast metabolic activity
The choice of treatment regime, in particular, the number of consecutive treat-
ments, impacts on the cell response to light, reflected in both cell metabolic activ-
ity and cell morphology. More specifically, a single exposure to 2 J:cm 2 and 30
J:cm 2 of 450 nm light resulted in an increase in metabolic activity, while 2, 3 or
4 consecutive treatments (Fig. 4.5, B) reversed the effect, leading to decrease in
cell metabolism.
Observed changes in metabolic activity were accompanied by morphologi-
cal alterations (Fig 4.5, A), such as shrinkage of cells, which became more pro-
nounced with an increase in the number of exposures. After 4 treatments, cells
were significantly smaller than the corresponding control cells. This observed
steady shrinking of cell volume could reflect the observed decrease in cell metabolic
activity. A similar effect was also present in cells grown at low confluency (Fig.
4.4, A).
Reducing light treatment frequency, from daily, every 24 hours, to every-other-
day, every 48 hours, did not change the observed drop in metabolic activity or
effect of cell morphology (Fig. 4.5, B), suggesting that the initial exposure triggers
a chain of molecular reactions lasting longer than 24 hours.
Secondly, the treatment protocol used, in particular the interaction of light with the
components of the culture medium exerted a significant impact on the outcome of
the light exposure to short visible wavelengths (Fig. 4.6, A).
Exposure of DF to blue light of 450 nm (30 J:cm 2) in culture media (DMEM),
without its subsequent refreshment, resulted in cytotoxic effects 24 hours after
treatment (Fig. 4.6). A similar effect at the wavelength up to 530 nm was ob-
served, suggesting that a wide range of short visible wavelengths are absorbed
by components of the cell culture media, leading to generation of molecules fur-
ther impacting cell physiology (Fig 4.7, A).
Next I assessed whether this effect was dependent on cell-free elements of the
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Figure 4.5: A: Phase-contrast images of human reticular fibroblasts 24h after the
last treatment, when 1, 2, 3 or 4 daily treatments (30 J:cm 2) were performed
(lower line), together with the images of the control group (upper line). B: Relative
metabolic activity of human papillary and reticular fibroblasts (merged) after light
treatment for 2 radiant exposures of 450 nm light (at a fixed 50 mW:cm 2 irra-
diance) and with variable number of treatments occurring on consecutive days.
An irradiance of 50 mW:cm 2 was used. Statistical analysis was evaluated using
student t-tests between the control group and treated group (N=2, 2 lineages and
3 replicates), with following thresholds p < 0:05 *, p < 0:01 **, p < 0:001 ***. The
control group had an average relative metabolic activity of 1. The significance of
the interaction between the radiant exposure and the number of iterative treatment
was much lower than 0.001. Standard deviations are shown in errorbars.
culture conditions, and found that DF exposure to cell-free media, irradiated us-
ing 30 J:cm 2 and 60 J:cm 2, resulted in reduced metabolic activity of the cells.
The magnitude of this affect however, was lower than when cells in culture were
directly irradiated (Fig 4.7, B), though fibroblast morphology was impaired only at
60 J:cm 2 (Fig 4.7, C).
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Figure 4.6: Representative light microscopy images of papillary fibroblasts taken
after a single exposure to low- (A) and high dose (B) blue light versus the un-
irradiated control (C), and relative metabolic activity of human dermal fibroblasts
after high dose of blue light (30 J/cm2) in two treatment conditions, with and with-
out refreshment of the culture medium after light treatment (D). Cell detachment
and cellular cytopathic effects reflected the cytotoxic effect in the treated sample
without refreshment of the medium after exposure (B) and reduced Alamar Blue®
fluorescence (D). Standard deviations are shown in errorbars.
4.4 Impact of the oxygen level in cell culture medium
on cellular response to light
Recent evidence suggests the existence of gradients of physiological oxygen lev-
els throughout the different layers of human skin layers, where oxygen level in
dermis (outside capillary loops) can be as low as 1-5%, compared to 20% atmo-
spheric level (Wang, 2005; Upton et al., 2015). I therefore studied the effects
of lowering oxygen concentration from 20% to 2% in fibroblast cultures; i.e., to
a physiologically-relevant concentration of oxygen in terms of DF interaction with
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Figure 4.7: A: Relative metabolic activity of fibroblasts after light treatment as a
function of the wavelength and the treatment regime (one or more consecutive ir-
radiations) and protocol (direct light exposure or contact with pre-exposed culture
medium). Metabolic activity after treatment was normalized to that of the con-
trol sample (Number of donors N=3, number of technical replicates n=3, data on
papillary and reticular pools were merged together.) The significance of the in-
teraction between wavelength and treatment method was evaluated with ANOVA
(p << 0:001). (B) Relative metabolic activity of the fibroblasts after light treat-
ment for two treatment protocols: direct light exposure (blue) and pre-exposure of
DMEM alone followed by pouring on top of the cells (cyan). Standard deviations
are shown in errorbars. C: Phase-contrast pictures of human reticular fibroblasts
24h after the last treatment, in control group, treated group (30 J:cm 2 and 60
J:cm 2) and treated by irradiated cell-free media. An irradiance of 50 mW:cm 2
was used. Statistical analysis was evaluated using student t-tests between the
control group and treated group (N=3, reticular and 3 replicates), with following
thresholds p < 0:05 *, p < 0:01 **, p < 0:001 ***. The control group is has an
average relative metabolic activity of 1.
visible light in vivo.
The reduction from 20% to 2% oxygen concentration did not result in noticeable
changes in the metabolic activity or morphology in control fibroblast (papillary and
reticular) cultures, (Fig. 4.8, A).
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By contrast, lowering oxygen concentration resulted in dramatic differences in fi-
broblast response to light. In particular, blue light (450 nm) at 30 J:cm 2 resulted
in even stronger inhibition of metabolic activity of papillary fibroblasts than when
grown in 20% oxygen. Remarkably, NIR light (850nm) at 20 J:cm 2 stimulated
metabolic activity of human reticular fibroblasts at physiological levels of oxygen
(i.e. 2%), the effect that was not observed at 20% oxygen level. These effects
were not associated with any significant change on the relative cell number (Fig.
4.8, B).
4.5 Discussion and Conclusions:
The goal of this study was to investigate the impact of optical parameters, cell cul-
ture protocols and treatment regimes on the metabolic activity of primary human
dermal fibroblasts in vitro culture in response to visible and near-infrared radia-
tion.
To achieve this I systematically studied the impact of wavelength, irradiance,
dose, number of consecutive irradiations, serum- and oxygen concentration, cell
confluency, medium refreshment and indirect treatment with irradiated medium
alone in a design-of-experiment approach. The latter was specifically chosen in
order to disentangle the effects caused by a direct interaction of photons of light
with cells from the potential contribution of multiple ‘environmental’ factors.
This project also aimed to explore whether the response of DF to identical optical
parameters would change when cultured at conditions that more closely resemble
those in vivo, i.e. low proliferation, cell confluency, serum and oxygen levels, as
this is crucial when considering application of new technologies to in vivo clinical
settings.
Several interesting and unexpected findings resulted from the approach, new to
the world of photobiomodulation, which cause one to step back and re-assess
how we interpret PBM data derived from in vitro studies.
Firstly, all investigated parameters in this study, with the exception of irradiance,
significantly impacted skin fibroblast metabolic responses to light.
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Figure 4.8: A:Fluorescence counts (Alamar Blue) measured in reticular and papil-
lary fibroblasts (facelift, female, 64 yo) in low (2 %) and high (20 %) oxygen levels,
together with the phase-contrast microscopy pictures of the reticular type in low
(left) and high (right) oxygen levels. No strong change in Alamar fluorescence
count nor in morphology is apparent. B: Relative cell counts of human dermal
fibroblasts (reticular and papillary merged numerically) after light treatment in hy-
poxic conditions (2% oxygen). Cells were grown in 35-mm individual dishes and
treated daily with light during three consecutive days. The cell were counted 24
h after last treatment. Material originating from two different donors was included
in the experiment (N=2, reticular and papillary, 3 repeats, 12 counts per bar). C:
Relative metabolic activity of human papillary fibroblasts in response to 30 J:cm 2
at 450 nm in low and high environmental oxygen levels (N=2, papillary and 3 repli-
cates). D: Relative metabolic activity of human reticular fibroblasts in response to
20 J:cm 2 at 850 nm in low and high environmental oxygen levels (N=2, reticular
and 3 replicates). Irradiance levels were 50 mW:cm 2 (450 nm) and 80 mW.cm-2
(850 nm). Standard deviations are shown in errorbars.
Secondly, cell culture and treatment conditions (including confluency, serum- and
environmental oxygen concentrations and treatment protocols) all significantly
influence cellular responses to optical radiation, even when the identical wave-
length, irradiance and dose were applied.
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Whilemedium-to-high confluency scenario is convention cell culture practice world-
wide, in vivo DF are sparsely distributed throughout papillary and reticular dermal
compartments. In an attempt to observe cells in a more natural situation, cultured
at low confluency, I noticed that three consecutive daily treatments using short-
wavelength visible light (450nm at 30 J:cm 2) reduced their metabolic activity to
a greater extent than when maintained at medium-to-high confluency.
Similarly, I observed that DF grown in lower FBS concentration 2%, though still
higher than a fibroblast in a non-wounded skin environment would experience,
coped less efficiently with induced stress, and were more inhibited by several
consecutive exposures to 450 nm light at 30 J:cm 2. This response was clearly
different from that of fibroblasts cultured at 10% FBS who were less inhibited
and even protected from light-associated reactive oxygen species (ROS), as evi-
denced by normal metabolic activity and morphology. Similarly to low confluency,
lower serum exposure may be more physiologically relevant.
The latter two findings may suggest that ‘non-physiological’ highly confluent cell
cultures of DF in 10% FBS may be ‘more protected’ from potential stressors in-
duced by light, such asROS (Stoppiglia et al., 2002; Ling, Hannaert, and Pipeleers,
1994), than the cells in vivo. Two factors could potentially play a role here. First,
lower proliferative activity and thus lower number of mitotic cells, known to be
more vulnerable to noxious factors (Rieder and Maiato, 2004; Chan, Koh, and Li,
2012), of highly confluent cell cultures of DF. Secondly, I also hypothesize that
the higher the number of cells exposed to the light treatment event the stronger
the antioxidant defense may be against any ROS created by irradiation of the cell
medium constituents, as the latter was kept constant in all experiments regarding
of cell number per well.
In addition to cell confluency and serum concentration, I assessed whether con-
tinuing to expose fibroblasts to their irradiated medium post-treatment negatively
impacted on their viability. Specifically, I have shown that high radiant expo-
sures of short visible wavelengths (450 and 500 nm, at 30 and 60 J:cm 2) sup-
pressed fibroblast metabolic activity, and even resulted in some cytotoxicity when
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the medium was not refreshed after irradiation. Importantly, irradiation of cell-free
culture medium that was then exposed to the cells resulted in an inhibitory ef-
fect, suggesting that ROS released after light absorption by riboflavin known to
be present in the culture medium may have been at least in part responsible for
this observed inhibitory effect. Previously it was shown that riboflavin mediated
cytotoxic effects in human skin melanoma cells after irradiation by blue light (470
nm) (Ohara, Fujikura, and Fujiwara, 2003). However, it may not be completely
artefactual to the in vitro situation, as it is also known that flavins are naturally
present in normal human skin dermis (Olsen et al., 2016) where they are likely to
respond to clinical PBM modalities. However, I observed greater effects with the
irradiated cell plus medium combination (than with the irradiated medium treat-
ment alone), suggesting that there is a distinct cellular-derived component to the
light response, indicating that photons of visible light can indeed directly interact
with DF cells. Previously, interesting effects were observed in cells irradiated by
ionizing radiation where oxidative stress was transferred from the irradiated cell
to non-irradiated cells, via the release of components in the medium and even
via the irradiated supernatant alone, which received a name ‘bystander effect’
(Azzam, Jay-Gerin, and Pain, 2012; Narayanan et al., 1999). Several signaling
molecules mediate transfer of oxidative stress. Small molecules, such as Ca2+ or
peptides, were transmitted via gap junction intercellular communication to neigh-
boring cells. Larger molecules, which could also be released by the irradiated
cells, could propagate damage and include lipid peroxide products and cytokines
and reach neighboring cells by diffusion (Prise and O’Sullivan, 2009; Klammer
et al., 2015). Similar processes could occur after treatment with visible and NIR
light.
Next to cell culture conditions, what is less clear in PBM literature is if and how the
experimental outcome depends on a number of consecutive treatments. An ob-
servation of this project is that the effect of shorter wavelengths (450 nm- 590 nm)
is accumulated over increasing number of consecutive daily and every-other-day
treatments, suggests that the light can have prolonged effects on dermal fibrob-
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lasts, beyond cessation of irradiation, via the initiation of downstream cascade of
cell signaling.
A key finding of this PhD project was the observation that oxygen concentration
markedly impacted on the response of dermal fibroblasts to both short visible- and
to near-infrared light. Lowering oxygen to physiological level (i.e. 2%) resulted
in fibroblast stimulation by near-infrared wavelengths: an observation not seen
when cells were exposed to conventional cell culture oxygen levels (i.e. 20%),
and so our protocol may allow researchers to appropriately investigate the photo-
biomodulation effects on skin and hair health. Indeed, researchers have shown
the importance of environmental oxygen concentration at the genomic and pro-
teomic levels in cells from various body locations. Physiological levels of oxygen
in the body are organ-dependent and generally different from the standard oxygen
concentration not only in human skin compartments but also in brain, lungs, liver
and other body organs (Carreau et al., 2011). This therefore raises the need to
distinguish between ‘normoxia’ and ‘physioxia’, and how this could impact PBM
studies conducted using in vitro cell culture.
Skin temperature in itself could represent another condition to optimize in the pur-
suit of in vivo approximation. In the case of skin, the temperature is commonly
assumed to be around 34C (Olesen, 1982). However, finding the right skin tem-
perature might be complex for at least two reasons. First, there is evidence show-
ing that skin temperature is highly variable within the body and dependent on the
ambient temperature (Olesen, 1982). Second, related to light treatment in vivo,
there will be thermal effects involved due to the strong optical absorption of vis-
ible and NIR radiations by skin chromophores (melanin, blood). Similarly, our
data suggests that in vitro protocols may be more physiological if irradiation is
done with cells in culture medium rather than in a buffer such as PBS, given that
in vivo (both steady state and during wounding/wound-healing) interstitial fluids
and extracellular matrix will contain a complex mixture of essential minerals, ions,
growth factors, and other nutrients and ligands’, which likely contribute to the to-
tal cellular response to light. However, the lack of in vivo ‘flow’ conditions in our
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static in vitro setup suggests that refreshment of medium after light treatment may
be advisable. The downside being the loss of important autocrine cytokines and
growth factors. In particular, it is known that it may be important in the context of
photobiomodulation, where latent growth factors have been shown to be activable
via infrared radiation (Arany et al., 2014).
Interestingly, some of this project findings differ from those previously reported in
the literature. First, the results did not show any strong effect of long visible and
NIR radiation under environmental partial oxygen pressure. This observation is
not surprising by itself, as the literature contains large discrepancies between the
optical parameters and experimental outcomes used hitherto, impeding progress
of PBM modality as previously reported (Mignon et al., 2016b). More specifi-
cally, the majority of previous studies showed a measurable effect of red and NIR
wavelengths in vitro and on ex vivo systems (Arany et al., 2014; Anders, Ge-
una, and Rochkind, 2004; Hashmi et al., 2011; Wang et al., 2016; Anders et al.,
2008). Other studies, however, found no effect of long visible and NIR wave-
lengths on skin cells (Liebmann, Born, and Kolb-Bachofen, 2010; Oplander et al.,
2011). While not excluding the impact of cell culture conditions and oxygen lev-
els on these, often opposite, experimental outcomes, human dermal fibroblasts,
positioned deeper than epidermal melanocytes and keratinocytes, might be more
shielded from the blue part of the electromagnetic spectrum but much are more
exposed to red and NIR components, and therefore could have adapted to them.
Therefore one could suspect a stronger resistance of dermal fibroblasts to visible
and NIR radiation, particularly in the long wavelength range, due to evolutionary
reasons. The same reasoning may suggest that fibroblast originating from more
deeply located tissues are more sensitive to light photons. Second, no irradiance
effect was observable in vitro despite some existing evidence in the literature both
for in vitro and in vivo cases (Anders et al., 2010; Holanda et al., 2017). However,
irradiance effects have not been yet very clearly established in vitro in photo-
biomodulation. Although it might be expected in vivo, as light will be absorbed
by skin chromophores (melanin, blood) and create bulk heat, it is less straight-
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forward to expect irradiance effect in vitro. It might also have been that that our
irradiance levels are not separated ‘well enough’ (only a factor 2 to 8 depending
on the wavelength).
Third, this project did not reveal any strong effect on the relative cell number after
light treatment. However, the literature does contain evidence that short visible
wavelengths exert anti-proliferative effects (Liebmann, Born, and Kolb-Bachofen,
2010; Oplander et al., 2011). The underlying reason of observed differences is
that our biological model (low confluency, low serum and low oxygen) was tailored
to resemble in vivo conditions of the dermal fibroblasts, where their proliferative
activity is very low under non-wounded conditions. Combined with the replen-
ishment of the media after light treatment, a very slow proliferation was barely
observable for the duration of the experiments with light. Therefore, it was not
expected to be able to detect an effect on the relative cell number after treatment
with light.
The conclusion from this chapter is that in vitro experimental design factors in-
cluding cell confluency, serum concentration, culture conditions like oxygen level,
impact cell behavior (Upton et al., 2015; McFarland et al., 2011) and so are critical
to how we best define cell reactions to light i.e., either inhibitory, neutral or stim-
ulatory, even when responding to light of the identical characteristics. Therefore,
this emphasizes a recommendation that for all in vitro and ex vivo investigations
on photobiomodulation researchers should not only carefully select their exper-
imental conditions as close to the physiological in vivo setting as possible but
in any event report these together with their experimental findings. Additionally,
these findings emphatize the recommendation that confluency, serum- and envi-
ronmental oxygen concentration should ideally bemuch lower than those currently
used and reported worldwide in conventional dermal fibroblast culture protocols.
4.6 Summary
In this chapter the appropriateness of a range of previously-reported treatment
parameters, including light wavelength, irradiance and radiant exposure, as well
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as cell culture conditions (e.g., serum concentration, cell confluency, medium re-
freshment, direct/indirect treatment, oxygen concentration, etc.), in primary cul-
tures of normal human dermal fibroblasts exposed to visible and near infra-red
(NIR) light was investigated. The main results are:
- Apart from irradiance, all study parameters impacted significantly on fibrob-
last metabolic activity.
- When cells were grown at atmospheric O2 levels (i.e. 20%) short wave-
length light inhibited cell metabolism, while negligible effects were seen with
long visible and NIR wavelength. By contrast, NIR stimulated cells when
exposed to dermal tissue oxygen levels (approx. 2%).
- The impact of culture conditions was further seen when inhibitory effects of
short wavelength light were reduced with increasing serum concentration
and cell confluency.
91
Chapter 5: Reticular and papillary fibroblasts
exhibit a differential response to visible and
NIR light
A second gap revealed from the literature review is the lack of knowledge of the
mechanism(s) of action and therapeutic effects of visible and NIR light in photo-
biomodulation in dermatology (see chapter 3).
After wounding, human dermal fibroblasts are involved in the wound healing re-
sponse of the skin. Besides, they are directly attainable for a potential light treat-
ment. This fact makes them a first target in wound healing. Additionally, in aging,
human papillary fibroblasts tend to disappear from the human dermis and are re-
placed by reticular fibroblasts. This emphasizes their importance in the process of
aging. With those examples in mind, the focus of this chapter was set on human
dermal fibroblasts because of their significant involvement in ageing and wound
healing. In this chapter, the effects of selected optical settings on human dermal
fibroblast subpopulations will be investigated in-depth.
While the exact molecular mechanisms of visible and NIR light on human skin
cells are unknown, the number and variety of photoreceptors reported in the liter-
ature suggest that most probably there are many different molecular mechanisms
which potentially occur simultaneously (Chung et al., 2012; Mignon et al., 2016b).
The downstream mechanisms are dependent on wavelength and dose of the light
treatment (Chung et al., 2012). The effect of red and NIR light are commonly at-
tributed to cytochrome c oxidase where ROS signaling and ATP are the main
actors (Chung et al., 2012). Other evidence demonstrate that NIR may activate
latent growth factors in the extracellular space (Arany et al., 2014). Short visi-
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ble wavelengths are most commonly assumed to induce ROS (reactive oxygen
species) from flavoproteins or nitrosated proteins (Opländer et al., 2013; Becker
et al., 2016; Lockwood et al., 2005), which leads to cascade of molecular reac-
tions. Last but not least, recent evidence demonstrate the presence of opsins
and cryptochrome photoreceptors in the skin and hair follicle suggesting a poten-
tial role for them in response to visible and NIR light treatment including via ROS
(Buscone et al., 2017; Haltaufderhyde et al., 2015).
Despite the lack of knowledge regarding the mechanism(s) of actions, visible and
NIR light treatment have been associated with a very large range of effects includ-
ing inhibition of cell proliferation, induction of differentiation, stimulation of colla-
gen production and changes in gene expression patterns (Mamalis, Garcha, and
Jagdeo, 2015; Becker et al., 2016; Liebmann, Born, and Kolb-Bachofen, 2010).
As of today the entire extent of the action of light on skin cells remains unknown.
Gene expression studies represent an unavoidable path needed to understand
the full potential range of impact of visible and NIR light on human skin cell popu-
lations.
Human skin contains different cell populations, each with their specific function in
the skin. While most of them would be worthy to be studied with regards to their
response to light, human dermal fibroblasts were chosen here as they represent
a major cell type with important role in wound healing, ageing and scar formation.
Human dermal fibroblasts exist in four different subtypes: the reticular and papil-
lary fibroblasts which are located in the dermis, and the dermal papilla and dermal
sheath fibroblasts which are part of the hair follicle. These populations play differ-
ent and complementary roles in the skin (Jenkins and Carroll, 2011; Driskell et al.,
2013).
Notably reticular and papillary fibroblasts have been shown to be involved in wound
healing and ageing (Janson et al., 2013; Izumi, Tajima, and Nishikawa, 1995;
Driskell et al., 2013). Photobiomodulation might readily have a differential effect
on both of these cell subpopulations, and so provide potential treatment strategies
for skin conditions which involve reticular and papillary fibroblasts differently. For
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example some evidence suggests that scarring is due to the predominant action
of the reticular fibroblasts, in the lower dermis, and the inaction of the papillary
fibroblasts, in the upper dermis, during the first wave of wound healing (Woodley,
2017).
In the present study, the impact of visible and NIR light on both subpopulations
of human skin fibroblasts, based on their metabolic activity, transcriptome and
collagen production was investigated.
5.1 Action spectrum and dose responses of human der-
mal fibroblasts
Human dermal fibroblasts were treated with light once per day on three consec-
utive days using one of 6 different visible and NIR wavelengths. The metabolic
activity of the fibroblasts was measured 24 hours after the last light treatment. No
significant biologically-relevant effect of long visible wavelengths on the metabolic
activity of the human dermal fibroblasts over [0  250] J:cm 2 was observed when
treated at atmospheric standard oxygen concentration (Fig. 5.1 A). The mor-
phology of the dermal fibroblasts observed via a light microscope was not im-
pacted (not shown). A slight decrease of the metabolic activity was observed at
high dose levels of red and infrared wavelengths (655 nm and 850 nm at doses
> 100 J:cm 2).
On the contrary short visible wavelengths showed significant inhibitory effects on
the metabolic activity of human dermal fibroblasts (Fig. 5.1 A). The shorter the
wavelength, the higher was the reduction of the metabolic activity at the same
dose level. The dose responses at 450, 500 and 530 nm shared remarkably a sim-
ilar shape: consisting of a inhibitory phase where the metabolic activity is reduced
at low- to mid- dose levels (<= 30 J:cm 2), and a steep decrease of the metabolic
activity associated with cytotoxic effects at higher dose levels (> 30 J:cm 2).
The dose response curve at 450 nm was compared with classical dose-response
curve models traditionally used to model the response of cells to chemical drugs
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(Di Veroli et al., 2015). The dose response curve at 450 nm was numerically as-
sociated with a biphasic dose-response model with two inflection points (Fig. 5.1
B). The two phases were associated with two effect types: non-cytotoxic inhibitory
effect and cytotoxic effect observed via light microscopy (Fig. 5.1 C).
The impact of the wavelength of irradiation is in coherence with the observations
of chapter 4. Indeed, short visible wavelength exerted strong inhibitory effects on
human dermal fibroblasts while long visible wavelengths had neutral effects.
Both lineages responded similarly and there were no significant differences in their
response at this stage.
5.2 Blue light (450 nm) induces intracellular ROS for-
mation
Many studies in photobiomodulation research report the involvement of ROS in the
mechanism of action of light in cells (Becker et al., 2016; Arany et al., 2014; Chung
et al., 2012). Blue light (450 nm) induced ROS in a dose-dependent manner in
reticular and papillary fibroblasts (Fig. 5.2 A). The induction of ROS was recorded
in live cells versus time using a ROS dye. The intensity of the dye (cellROX deep
red) varies proportionally to the intracellular ROS concentration. During the light
treatment, the intensity of the ROS indicator increased linearly with the light dose
(Fig. 5.2 A). Additionally, the increase of ROS per unit of time was clearly stronger
during the irradiation than in baseline and/or post-treatment periods.
The induction of ROS by light was efficiently quenched with the addition of antiox-
idants in the culture medium (Fig. 5.2 A). However, there was an increase of the
dye intensity under light treatment in the presence of antioxidants. It seems that
antioxidants rather delayed the light-induced increase of the dye intensity rather
than completely suppressed it. Representative images of the ROS distribution in
dermal fibroblasts at the end of light treatment revealed a predominantly perinu-
clear localization (Fig. 5.2 B). The intracellular intensity of the dye was significantly
lower in both subpopulations in presence of antioxidants at the same time point.
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Figure 5.1: (A) Dose-response curves of human dermal fibroblasts to six visible
and NIR wavelengths (450, 500, 530, 590, 655 and 850 nm) based on the rela-
tive change of their metabolic activity after irradiation. Human dermal fibroblasts
were treated once per day on three consecutive days. Their metabolic activity
was measured 24h after the last treatment. Cell culture medium was replenished
immediately after each light treatment. Statistical significance was evaluated us-
ing student t-tests (N = 3, 2 lineages and 3 replicates). The responses of both
lineages were merged. Standard deviations are shown in errorbars. (B) Dose-
response curve of human dermal fibroblasts after irradiation with blue light (450
nm) together with the best-fit (biphasic, two inflection points, best fit: lowest BIC
and AIC via Dr Fit software (Di Veroli et al., 2015)). Standard deviations are shown
in errorbars. (C) Phase-contrast microscopy pictures of human dermal fibroblasts
(female 64 yo) after three light treatment at 450 nm, 30J:cm 2 and 45J:cm 2.
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Similar experiments were repeated using infrared light (850 nm). By contrast to
blue light (450 nm), NIR radiation did not induce any measurable intracellular ROS
formation in both lineages within the range 0-30 J:cm 2.
The same set of experiments were repeated using a mitochondria tracker in com-
bination with the cellROX dye. A high correlation of the localization of the ROS
dye and the mitochondria tracker was observed (Fig. 5.2 C), the average Pearson
correlation coefficient evaluated at 15 mins after start was 0.88 averaged over the
replicates (N=2, reticular and papillary, 2 replicates).
5.3 Papillary and reticular fibroblasts express highly dif-
ferent transcriptome
As suggested by recent articles and reviews, the dermal tissue oxygen level (2-5
%) is significantly lower than standard oxygen concentration (20 %) used in con-
ventional cell culture (Wang, 2005; Upton et al., 2015). Therefore, the response
of both fibroblasts subpopulations to relevant dose levels at one of the 6 differ-
ent visible and NIR wavelengths (2 % incubator oxygen concentration) was also
evaluated. Fibroblasts were treated with light every day for three days in both hy-
poxic and standard oxygen conditions in parallel. Metabolic activity was assessed
after the last treatment. Transcriptome analysis of both sub-populations was per-
formed in hypoxic conditions only, as it represents conditions closer to the in vivo
environment.
Almost 4000 genes were significantly differentially expressed between both sub-
populations in control groups (i.e. without light treatment). A keyword analysis
of the function of the 1000 most differentially expressed genes (DAVID Database
(Huang, Sherman, and Lempicki, 2009)) revealed that those are mainly involved
in: extracellular matrix (ECM), membrane proteins, cell adhesion, growth factors
and others (Tab. 5.1). Additionally, the large difference in baseline gene expres-
sion between the two sub-populations is much higher than any change in gene
expression due to light treatment (Fig. 5.3 A).
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Figure 5.2: (A) Intracellular cellROX intensity before, during and after light treat-
ment in reticular and papillary fibroblasts versus time. Light irradiation was per-
formed with blue (450 nm) and infrared (850 nm) light in presence or absence of
antioxidants (vitamin E 10 M and quercetin 1 M ) in the culture media (N = 2, 3
replicates). Intracellular cellROX intensity was based on the fluorescence intensity
of the cellROX dye, and averaged over 10 cells in the field of view using ImageJ
Time Series Analyzer plugin. Standard errors are shown in errorbars. Irradiance
at 450 nm and 850 nm was set to 30mW:cm 2 (B) Selected fluorescence intensity
pictures of cellROX dye in human papillary and reticular fibroblasts at the end of
light treatment at 450 nm (t=24 mins) in presence or absence of antioxidants. (C)
Selected fluorescence intensity pictures of human papillary fibroblasts (male, 59
yo) with cellROX and Mitotracker in the middle of light treatment (450-nm) time
point t=15 mins.
98
Table 5.1: Keyword analysis of the function of the 1000 most differentially ex-
pressed genes in reticular versus papillary fibroblasts populations using DAVID
database (Huang, Sherman, and Lempicki, 2009). (N=1, reticular and papillary,
3 replicates)
Keywords Numbergene Numbergene(%) p-value
Phosphoprotein 499 50.3 3.4E-12
Glycoprotein 309 31.1 1.8E-11
Alternative splicing 593 59.7 1.7E-9
Membrane 442 44.5 1.7E-8
Signal 273 27.5 2.2E-8
Angiogenesis 021 02.1 1E-4
Transmembrane helix 324 32.6 2.7E-4
LIM domain 015 01.5 2.6E-4
Secreted 134 13.5 2.5E-4
Transmembrane 324 32.6 2.5E-4
Disease mutation 165 16.6 2.7E-4
Cell adhesion 045 04.5 5E-4
Endoplasmic reticulum 080 08.1 9.1E-4
Disulfide bond 206 20.7 1.6E-3
Actin-binding 029 02.9 2.4E-3
Cardiomyopathy 013 01.3 9.5E-3
Transferase 110 11.1 1E-2
Polymorphism 610 61.4 9.5E-2
Kinase 055 05.5 1.4E-2
Golgi apparatus 059 05.9 1.7E-2
Developmental protein 066 06.6 2.3E-2
Differentiation 049 04.9 3.5E-2
ATP-binding 089 09.0 3.4E-2
Vitamin C 006 00.6 3.4E-2
Extracellular matrix 024 02.4 3.8E-2
Heparin-binding 012 01.2 4.1E-2
Growth factor 015 01.5 5.0E-2
Cell projection 051 05.1 4.8E-2
5.4 Papillary and reticular fibroblasts respond differen-
tially to visible and NIR light
Papillary and reticular fibroblasts’ metabolic activity were differentially affected by
light treatment, in particular at short visible and NIR wavelengths light, both in hy-
poxic (2 % oxygen) and and standard oxygen conditions (Fig. 5.3 B). At 450 and
500 nm, the same behavior was observed: the metabolic activity of the reticular
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Figure 5.3: (A) Heatmaps of the transcriptome of the light treated samples. Hu-
man dermal fibroblasts were treated once per day for three days using blue light
at two dose levels (450 nm, low: 2 J:cm 2 and high: 30 J:cm 2) and NIR light
at a single dose level (850 nm, 20 J:cm 2). RNA was collected and purified 24
hours after last treatment. Transcriptome analysis was performed (N=1, reticular
and papillary, 3 replicates). BH, BL, IR stand for Blue High, Blue Low, NIR. Cor-
relation is evaluated on the signal coming from the gene expression chips. (B)
Metabolic activity of human reticular and papillary fibroblasts after light treatment
when culture in hypoxia (2%) and standard oxygen concentration (20%). Human
dermal fibroblasts were treated once per day for three days using blue light at
two dose levels (450/500/530 nm, 30 J:cm 2) and 590/655/850 nm, 20 J:cm 2).
Metabolic activity was measured 24 hours after last treatment (N=2, reticular and
papillary, 3 replicates). Standard deviations are shown in errorbars.
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subtype was more inhibited by 30 J:cm 2 as compared to the papillary subtype.
In standard oxygen concentrations there were subpopulation-dependant effects
in dermal fibroblasts in response to 655 and 850 nm, where only the reticular sub-
type was (slightly) inhibited. In hypoxia, the response of the reticular subtype to
655 and 850 nm was reversed as compared to its response in standard oxygen
conditions, where the reticular subtype was significantly stimulated by 20J:cm 2
of 850 nm light. The response of the papillary fibroblasts was however similar at
both oxygen level conditions.
Interestingly, a differential response of reticular and papillary was also observed
in the results of gene expression and Gene Set Enrichment Analysis using KEGG
database (Tab. 5.2). Indeed, light affected a higher number of genes in the reticu-
lar subtype than in the papillary subtype for all tested parameters, concurring with
the observation of a higher sensitivity of reticular subtype to light (Tab. 5.2).
No strong correlation was found in between the lists of the genes significantly reg-
ulated in the three light treated groups in a given sub-population (Fig. 5.4 A B).
The highest correlation exists between the human reticular fibroblasts treated with
a low dose (2 J:cm 2) and a high dose (30 J:cm 2) of blue light (450-nm), with 441
genes commonly significantly affected in both groups. This could suggest that
both dose levels of blue light affect human reticular fibroblasts similarly, yet with
a dose-dependant impact.
Additionally, it can be noted that there is a very low correlation between the genes
significantly regulated by light in human papillary and reticular fibroblasts for all
three tested light parameters. At a given light parameter, the number of genes
which are significantly regulated both in the papillary and the reticular groups is
less than 10% (Fig. 5.4 C D E).
The GSEA (Gene Set Enrichment Analysis) was performed on the results of the
gene expression experiments. GSEA uses as input the list of the fold changes
(treated vs. control) of all the genes analyzed, whether they show a significant
change or not, and look for their significant collaboration or their common involve-
ment in a pathway according to a pathway database. GSEA then outputs a list of
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Table 5.2: Number of genes significantly expressed in light treated groups versus
control in both dermal fibroblast subpopulations (N=1, reticular and papillary, 3
replicates). Human dermal fibroblasts were treated once per day for three days
using blue light at two dose levels (450 nm, low: 2 J:cm 2 and high: 30 J:cm 2)
and NIR light at a single dose level (850 nm, 20 J:cm 2). BHP, BHR, BLP, BLR,
IRP and IRR stand for Blue High - Papillary, Blue High - Reticular, Blue Low -
Papillary, Blue Low - Reticular, NIR - Papillary, NIR - Reticular.)
Treatment group Gene up-regulated Gene down-regulated
BHP 243 371
BHR 314 584
BLP 20 17
BLR 565 1493
IRP 1 9
IRP 44 131
regulated pathway, up- or down, due to each light treatment. Each pathway of the
database is associated with a list of genes. First, the pathways significantly regu-
lated by blue light treatment were supported by many more of the genes which are
part of the significant gene list (Tabs. Appendix C, 1-9) as compared to the path-
way regulated of the NIR light treated groups (Tab. Appendix C, 10-14). It may
indicate a stronger confidence in the results of the GSEA after blue light treatment.
The GSEA analysis also revealed that more than 15 pathways were regulated in
opposed direction in papillary and reticular (Tabs. Appendix C) in particular in
response to NIR light (Tabs. Appendix C, 10-14). In particular, the pathways
’Valine, leucine and Isoleucine degradation’, ´Butanoate matabolism’ and ´Tryp-
tophan metabolism’ were up-regulated in papillary fibroblasts and down-regulated
in reticular fibroblasts after treatment with NIR light (850 nm, 20 J:cm 2).
The pathways regulated by light were clustered to functional groups. As observed
before on the metabolic activity (Fig. 5.3 B), the pathways are similarly impacted
by blue light parameters in both subpopulations (Tab. 5.4). On the other hand,
the response to NIR light is most often opposite for both fibroblast subpopulations
(Tab. 5.3).
102
  
A B
C D E
Figure 5.4: Venn diagrams of the significant gene lists treated with 2 J:cm 2
and 30 J:cm 2 of blue (450 nm) light and 20 J:cm 2 of NIR (850 nm) light in
(A) human reticular fibroblasts and (B) human papillary fibroblasts. Comparison
(Venn diagram) of the significant gene lists of the reticular and papillary fibrob-
lasts treated with (C) 2 J:cm 2 of 450-nm light, 30 J:cm 2 of 450-nm light and
20 J:cm 2 of 850-nm light (N=1, reticular and papillary, 3 replicates). Generated
using http://genevenn.sourceforge.net/.
Table 5.3: Clusters of pathways significantly regulated by NIR light treated groups
versus control in both dermal fibroblast subpopulations, as obtained from the gene
set enrichment analysis, together with the direction of regulation and the number
of pathways regulated printed inside parenthesis (N=1, reticular and papillary, 3
replicates). Human dermal fibroblasts were treated once per day for three days
using blue light at a single dose level (850 nm, 20 J:cm 2).
Cluster Papillary Reticular
Metabolism " (9) # (1)
ECM proteins, adherence # (7) # (1)
Xenobiotics metabolism " (3) # (3)
Proteostasis " (3) # (2)
Signalling # (20)
Hormone biosynthesis # (4)
Protein machinery " (3) # (3)
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5.5 450-nm light downregulates proliferation, metabolism
and protein synthesis in papillary and reticular fi-
broblasts
The cell cycle pathway was downregulated after treatment with 450-nm light at
two dose levels 2 and 30 J:cm 2 in both reticular and papillary fibroblasts (Tab.
5.4). This corroborates with the inhibition of Alamar signal after blue light treat-
ment observed above, also in both sub-populations (Fig. 5.3 B). Not only the cell
cycle, but multiple pathways involved in metabolism, protein synthesis and ECM
were downregulated by 450-nm light (Tab. 5.4, high dose). Pathways down-
regulated by blue light (450 nm) in reticular and papillary fibroblasts include the
following: ´Aminoacyl-t-RNA biosynthesis´, ´N-glycan biosynthesis´, ´Butanoate
metabolism´, ´Citrate cycle (TCA cycle)´ and others.
In comparison to the papillary fibroblasts’ response, the reticular fibroblasts tran-
scriptome showed a more pronounced alteration due to 450-nm light at high dose
(30 J:cm 2) compared to low dose (2 J:cm 2). Indeed, the downregulation of three
important pathways (Mismatch Repair, RNA degradation, Homologous recombi-
nation) was observed after treatment with a high dose of blue light only in the
reticular subtype. This might indicate a damage effect of blue light for vital cell
functions.
5.6 450-nm light downregulates the cell cycle and TGF-
beta signalling pathway in reticular and papillary fi-
broblasts
450-nm light downregulated the cell cycle pathway in reticular and papillary fibrob-
lasts at both tested dose level 2 J:cm 2 and 30 J:cm 2 (Tabs. Appendix C, 1-9).
Many genes are involved in the cell cycle pathway, however the downregulation of
104
Table 5.4: Clusters of pathways significantly regulated by blue light treated groups
versus control in both dermal fibroblast subpopulations as obtained from the gene
set enrichment analysis together with the direction of regulation and the number
of pathways regulated printed inside parenthesis (N=1, reticular and papillary, 3
replicates). Human dermal fibroblasts were treated once per day for three days
using blue light at two dose levels (450 nm, low: 2 J:cm 2 and high: 30 J:cm 2).)
Dose Cluster Papillary Reticular
High
Proliferation # (1) # (1)
Steroid Hormone " (1)
Signalling # (1)
Proteostasis " (2) # (2)
Protein machinery # (3) # (7)
Xenobiotics metabolism " (3) # (3)
Extracellular matrix proteins " (2)
Metabolism " (2)/ # (2) # (10)
Repair # (3)
Low
Proliferation # (1) # (2)
Proteostasis " (3)
Protein machinery " (4) # (1)
Xenobiotics metabolism " (1) " (1)
Metabolism " (2)
ECM and adherence # (8)
Hormone biosynthesis # (6)
Signalling # (18) # (1)
CDK1, CDC16, CDC20, CDKN2C, PLK1, CHEK2, BUB1, BUB1B, CCNH as well
as the up-regulation of MAD1L1 was observed in more than one transcriptome of
the treated groups.
The transcriptome of human reticular and papillary fibroblasts also revealed the
downregulation of several genes involved in the TGF-beta signalling pathway af-
ter treatment by 450-nm light at 2 J:cm 2 and 30 J:cm 2 for papillary subtype and
at 2 J:cm 2 in reticular subtype (Tabs. S1, S2, S3 and S4). A high dose of blue
light (450 nm) also downregulated the TGF-beta signalling pathway in reticular
subtype (NES = -1.4), however the false discovery rate was slightly high (False
Discovery Rate FDR = 0.12) and therefore it was not included in the reported path-
ways where a threshold was set to 0.1 for the FDR.While many genes are involved
in the pathway, the downregulation of TGFB2, NOG, INHBB, FST, SMURF2 and
ID4 was specifically noted.
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5.7 450-nm light inhibits collagen biosynthesis at mRNA
and protein levels
Additionally, the procollagen I content in the supernatant of the dermal fibroblasts
was assessed 72 hours after the last light treatment. Light at 450 nm inhibited
the procollagen production in human papillary and reticular fibroblasts in a dose-
dependent manner (Fig. 5.5 B). This correlates with the transcriptome analysis of
the corresponding treated groups. Indeed, several genes involved in the collagen
biosynthesis were downregulated by 450-nm light (collagen chain, integrins), and
importantly, collagenase MMP1 was up-regulated in the same groups (Fig. 5.5
A).
5.8 Transcriptome analysis is validated by qPCR
The results obtained using microarray analysis were validated using qPCR on
relevant genes (Fig. 5.6). The criteria for selection were the following: relevance
for ageing and wound healing, statistical significance, high fold change and at
least one gene from every treatment/subpopulation group.
5.9 Concluding remarks and discussion
This study revealed that the dose response of human dermal fibroblasts to light
shows neutral, effective and cytotoxic dose ranges. These dose ranges have
a clear dependence on the wavelength of irradiation. Particularly, the dose re-
sponse curves showed a higher sensitivity of dermal fibroblasts to short visible
wavelengths as compared to long visible wavelengths, based on the relative changes
of their metabolic activity after light treatment. This might suggest a stronger ab-
sorption of short visible wavelength by the cells and might even correlate with the
absorption spectrum of cytochrome c oxydase, where absorption is overall de-
creasing from UV to NIR with multiple local peaks (Mignon et al., 2016b).
This project confirmed the involvement of ROS as part of the immediate effect of
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Figure 5.5: (A) Genes involved in collagen biosynthesis (Reactome R-HSA-
1650814) significantly impact by blue light (450 nm) at two dose levels (2 J:cm 2
and 30 J:cm 2). Human dermal fibroblasts were treated once per day for three
days using light. The RNA used for gene expression was collected 24 hours after
the last light treatment (N=1, reticular and papillary, 3 replicates). (B) Human pro-
collagen I content in the supernatants of human papillary and reticular fibroblasts
after blue light treatment (450 nm, 2 J:cm 2 and 30 J:cm 2). Human dermal fi-
broblasts were treated once per day for three days using blue light. Fresh culture
medium was replenished after each light treatment. Supernatants were collected
72 hours after the last light treatment (N=2, reticular and papillary, 3 replicates).
Standard deviations are shown in errorbars.
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Figure 5.6: Comparison of the expression of relevant genes evaluated with mi-
croarray technique (Affymetrix Chips Human Transcriptome Array 2.0) and with
qPCR technique (N=1, reticular and papillary, 3 replicates).
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light on dermal fibroblasts. The direct induction of intracellular ROS due to blue
light treatment was observed, and the induced ROS were highly colocalized (but
not fully) with the mitochondria in the perinuclear area. This would also supports
the involvement of mitochondria as one of the primary location of reception of light
in human skin cells. Interestingly, NIR did not induce any measurable intracellular
ROS.
The large production of intracellular ROS under blue light also corroborates with
the higher impact of short visible wavelengths light on the cells’ metabolic activity
as compared to longer wavelengths. ROS are known to be harmful to cells when
present in excess (Kawagishi and Finkel, 2014). The gene transcriptome analysis
also showed that blue light negatively affects proliferation, metabolism and protein
synthesis in human dermal fibroblasts. Similarly, a harmful impact was observed
in the reticular subpopulation where important repair pathways were affected after
a high dose of blue light. These negative effects are most probably due to excess
ROS.
Overall it is now clear that the induction of ROS is one of the main actors of the
negative action of blue light. The induction of ROS may have potentially been
triggered by the flavoproteins (Ohara, Fujikura, and Fujiwara, 2003; Liebel et al.,
2012) present in the intracellular and extracellular spaces. However, there is still
a possibility that blue light is being absorbed by other photoacceptors in the cells
(Mignon et al., 2016b), and that ROS induction is not the only downstreammecha-
nism triggered by blue light. This leaves room for further experiment where antiox-
idants would be systematically added to the culture medium to avoid the negative
impact of blue light.
The involvement of ROS in the action of blue light is somewhat reminiscent of the
well-known action of UV radiation on human skin and skin cell populations (Rin-
nerthaler et al., 2015; Pillai, Oresajo, and Hayward, 2005; Hanson and Clegg,
2002; Han et al., 2005; Quan et al., 2002; Young, 2006). This project brings evi-
dence that the action of UV-free blue light have some similarities with the action of
UV in the skin. In particular, this project findings are in agreement with the conclu-
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sions that Liebel et al. drew from their experiments (Liebel et al., 2012). Indeed,
they also observed the induction of ROS and MMP1 after irradiation with visible
light in human skin equivalents. They concluded that visible light is therefore con-
tributing to photoaging. Additionally, it has been reported that UV radiation has
downregulated the TGF-beta signalling pathway, including the down-regulation of
TGFB2, in human skin in vivo (Quan et al., 2002; Han et al., 2005). In this project,
the significant down-regulation of TGFB2 was noted after treatment with UV-free
blue light (450 nm). Thus, it may be recommended to take care when using blue
light as a PBM therapy in human as it may have potential harmful effect.
On the other end of the electromagnetic spectrum, NIR light had more positive
effects. GSEA after NIR light treatment revealed positive regulation of protein
synthesis and metabolism pathways without any indication of damage at the RNA
level. At the cellular level, the reticular subpopulation was stimulated after NIR
light treatment, in hypoxic conditions (i.e., tissue-similar) only. Furthermore, NIR
light was not associated with a large amount of intracellular ROS.
Over the course of this project the fibroblasts of reticular subpopulation exhibited
greater sensitivity to light treatment. At the gene expression level, there was a
much higher number of genes significantly altered by all three tested light param-
eters in reticular versus papillary fibroblasts. At the pathway level, the presence
of ’damage’ pathways was noted only for the reticular subtype after treatment with
30 J:cm 2 of blue light (450 nm). At the cellular level, short visible wavelengths
exhibited a more inhibitory effect on the reticular subpopulation and a higher re-
sponsiveness to NIR light was observed on the reticular subtype as well. A pos-
sible explanation could be that the deeper localization of the reticular subtype in
the skin might have evolved in an environment with lower light background as
compared to the much more superficially located papillary subtype, explaining the
former’s higher sensitivity when stimulated by electromagnetic radiations.
This project is also an illustrative example of the complexity and specificity of bio-
logical models, even in vitro. Reticular and papillary fibroblasts would most prob-
ably be approximated as dermal fibroblasts or merged/pooled as a single dermal
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fibroblast population by most research studies in photobiomodulation. However,
the results presented in this chapter, in particular the gene expression in both lin-
eages, clearly show that these are two very distinct cell subpopulations. This is
already demonstrated further in the literature (Driskell et al., 2013; Janson et al.,
2013).
One potential limitations of this thesis however, is in the gene expression inter-
pretation. Indeed, some of the pathways which were highlighted as significantly
altered as a gene set by the GSEA were associated with few changes that were
significant at the gene level involved in the pathways. Thus, care is needed when
interpreting individual gene expression results. Importantly, the latter revealed
similar outcomes as the other assays. In particular, the impacts of light on col-
lagen production at the RNA and protein level concur. While at the RNA level a
significant down-regulation of genes involved in collagen biosynthesis and a up-
regulation of collagenase was observed, at the protein level a down-regulation of
the procollagen I content in the supernatants of the cells was measured. Blue light
might therefore stimulate the expression of MMPs proteins leading to reduction of
collagen production. Similarly the GSEA analysis revealed concurring results with
the assessment of the metabolic activity at the cellular level. Indeed, the down-
regulation of cell proliferation and metabolism pathways showed up in the GSEA
results, and it is clear that both would be expected to result in a downregulation
of the Alamar Blue signal.
5.10 Summary
In this chapter, the response of human dermal fibroblasts lineages (reticular and
papillary) to visible and NIR light was investigated based on genetic expression,
metabolic activity and collagen production. Additionally, the induction of ROS
under light treatment was monitored live in vitro. The main results are:
- Irradiation with 450-nm light induced the production of ROS in live human
dermal fibroblasts in vitro. The creation of ROS was proportional to the light
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dose. The addition of anti-oxidants to the culture medium delayed the in-
duction of ROS. The ROS were found to be created in the close vicinity of
mitochondria in the cells.
- Short visible wavelength light exerted a bi-phasic dose response on human
dermal fibroblasts based on their metabolic activity. Neutral, inhibitory and
cytotoxic effects were observed with increasing light dose.
- 450-nm light down-regulated the procollagen I production in human dermal
fibroblasts in vitro. This was associated with the down-regulation of integrins
and up-regulation of MMP1 at the gene level.
- Gene expression study revealed a strong inhibitory effect of short visible
wavelength light on human dermal fibroblasts. Metabolism and protein syn-
thesis pathways were down-regulated after treatment with 450-nm light.
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Chapter 6: Investigation into the origin of
variability in the optical properties of different
skin components for a more accurate
prediction of light propagation in skin
The literature review presented in Chapter 3 revealed a need for modeling tools
for the translation of photobiomodulation research to in vivo applications. A spe-
cific light parameter obtained in vitro will not be directly applied on top of the skin.
Due to the strong absorption and scattering properties of the skin, light will have a
disturbed path in the skin. The optical treatment parameter applied on top of the
skin will thus be quantitatively different from what is received at different location
within the skin. Roughly, the deeper inside the skin, the higher will be the reduc-
tion in irradiance and dose. This is illustrated in chapter 3 (Fig. 3.3) where it is
possible to see that the three optical beams from the three light-based devices for
hair regrowth are highly absorbed and scattered by their propagation in the skin.
It was even demonstrated that the optical treatment parameters of the devices on
top of the skin are quantitatively much higher than the corresponding amounts of
light reaching the hair bulb. This translation issue between the input parameter
on top of the skin and the actual treatment parameter reaching the desired loca-
tion inside the skin remains to be addressed. Any optical treatment parameter
obtained in a in vitro study would need to pass by a translation calculation before
being able to apply the equivalent treatment parameter ex vivo or in vivo.
Therefore, there is a strong need for a predictive model allowing the direct under-
standing of how much light will reach for every location inside the skin. This may
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be filled in by a Monte Carlo optical model.
Here a study aiming at characterizing the accuracy with which the prediction of
light propagation in human skin is performed with a Monte Carlo optical model
is presented at relevant wavelengths for Photobiomodulation. In particular this
project improves the selection of datasets of optical properties of the skin compo-
nents required for the proper functioning of the model.
In dermatology, optical energy has been used for decades both in diagnosis and in
treatment. Application of light for therapeutic purposes covers both cosmetics and
medical domains, and ranges from removal of vascular and pigmentary lesions,
unwanted hair, (Svaasand et al., 1995) and tattoo (Kupermanbeade, Levine, and
Ashinoff, 2001) to wound healing (Woodruff et al., 2004), scar resurfacing (Preis-
sig, Hamilton, and Markus, 2012), skin rejuvenation (Mignon et al., 2016e; Vargh-
ese et al., 2016), and hair loss (Lanzafame et al., 2014) and more. There are
already effective therapy regimes which rely on all three types of light-tissue in-
teractions (photomechanical, photothermal and photochemical), which were very
successfully translated in a large range of professional and home-use devices
(Metelitsa and Green, 2011; Raulin, Greve, and Grema, 2003). Light interactions
with tissue depend on the wavelength, the optical power density and the exposure
time (Jacques, 1992). With ongoing quest in developing new light-based thera-
pies and further mastering the parameters space of the existing ones towards
even higher efficacy and safety, it is thus essential to assess the amount of light
reaching the targets inside the tissue to provide accurate treatment. Several tools
exist to predict the propagation of light in tissue. They include the solutions of the
radiative transfer equation under strict approximation, the analytical application of
the random walk theory to biological tissue (Gandjbakhche, Bonner, and Nossal,
1992), and the Monte Carlo methods (Wang, Jacques, and Zheng, 1995).
Monte Carlo methods gained most popularity and trust and are highly appreciated
when there is a need in modeling light propagation in inhomogeneous tissues with
complex geometry. They are commonly used in dermatological applications be-
cause the structure of the skin is complex, where the optical properties are rapidly
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varying in lateral and axial spatial dimensions. The Monte Carlo method relies
on the random sampling of the trajectories of photon packets propagating in the
medium. The calculations of the trajectories are based on the random occurrence
of scattering and absorbing events in the turbid medium. The basic requirement
is thus the knowledge of the optical properties (absorption and scattering) asso-
ciated with the tissue structure. The skin is generally approximated as a pile of
infinite layers with homogeneous properties such as the epidermis, the dermis, the
subcutaneous fat layer and sometime blood capillaries (Meglinski and Matcher,
2002). The successful functioning of the method in delivering value for clinical
applications in dermatology (e.g. when selecting optical treatment parameters for
in vivo studies on human based on extrapolation of settings shown effective us-
ing in vitro studies on cells) thus requires the accurate knowledge of the optical
properties of the skin layers.
Although the literature contains numerous articles with the data on the optical
properties of the skin layers and its appendages, they are unfortunately quantita-
tively inconsistent when comparing individual reports by different research inves-
tigators. It is known that the disparities between the quantitative values of the op-
tical properties will create much variability in the quantitative predictions of photon
density in tissue, while keeping all other parameter fixed (Mignon et al., 2016a).
The explanation is straightforward as in the model the absorption of photon is,
at the first order, proportional to the absorption coefficient (skin is a turbid media
with absorption much smaller than scattering, A << S) (Wang, Jacques, and
Zheng, 1995). Any large variability in the absorption coefficient of the layer will
largely affect the calculated photon density. Therefore, the wide range of the op-
tical properties of the skin layers reported in the literature (up to 100 fold (Mignon
et al., 2016a)) not only poses a problem when selecting treatment parameters but
also raises a question about the validity of the references reporting the optical
properties of the skin layers. Therefore, a better understanding of the origin of
the spread in the skin layers optical properties values could lead to a selection
of a more narrow optical window, i.e., a set of the optical properties more closely
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resembling the ‘true’ biological values resulting in stronger predicting power of the
model and eventually delivering more reliable output for prediction of parameters
for clinical applications.
In this project approach, a simple yet a very powerful fact (Jacques, 2013) was
followed, stating that the absorption and scattering of any tissue, and particularly
of any homogeneous skin layer, should simply find their origins in the biological
composition of the layer. The components of the epidermis, dermis and sub-
cutaneous fat layer are known,(Jacques, 2013; Raicu and Feldman, 2015) and
they have known absorption spectrum with prominent absorption peaks (Jacques,
1996). This information should provide a critical help in order to select trust-worthy
dataset(s) from the existing literature using objective arguments rather than trying
to quantify the optical values de novo.
This idea was implemented on practice by, in the first instance, evaluating each of
the reported dataset in terms of presence of the absorption bands of the strongest
chromophores over visible to NIR range, specific for each of the skin layers:
melanin - in epidermis, haemoglobin and water - in dermis, and water and lipids –
in subcutaneous fat. Subsequently, the sample preparation and handling during
optical measurements was also extracted trying to link differences in the reported
value with variations in experimental lab protocol. Besides, coherence or clus-
tering between the datasets originating from different research investigations was
analyzed.
In the second instance, after the sets of the optical properties were narrowed
down, Monte Carlo simulation of light propagation in the skin layers were per-
formed and the impact of the remaining spread in the optical properties on the
resulting photon densities was evaluated. As a final verification step towards rec-
ommending specific sets of the optical properties the diffuse reflectance estimated
on the simulations was compared with an independent dataset of in vivomeasure-
ments of the diffuse reflectance performed in human subjects.
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6.1 Optical properties of the skin layers
The methods used to quantify the optical properties of the skin layers are catego-
rized in two groups: mathematical models based on molecular composition of a
particular layer and experimental measurements (Table, 6.3 and 6.4).
6.1.1 Mathematical models
In the literature search 5mathematical models were found (Jacques, 2013; Meglin-
ski and Matcher, 2002; Altshuler, Smirnov, and Yaroslavsky, 2005; Svaasand et
al., 1995; Douven and Lucassen, 2000) reporting analytical expressions to de-
rive the optical properties of skin layers. Chronologically, the model of Svaasand
(Svaasand et al., 1995) was the first one, where later on, Douven (Douven and
Lucassen, 2000), Jacques (Jacques, 2013), Meglinski (Meglinski and Matcher,
2002) and Altshuler (Altshuler, Smirnov, and Yaroslavsky, 2005) brought further
modifications and improvements.
All mathematical models considered here are built on a similar concept: quantifi-
cation of the absorption coefficient of each of the skin layers is derived based on
the baseline absorption i.e. the absorption of a skin layer without its major ab-
sorber(s), and, on the contribution of the major absorber(s) of the layer, which in
their turn can be measured or modeled separately (Table 6.1). There are differ-
ent degrees of complexity between the models. Indeed, the older models such
as the ones of Jacques (Jacques, 2013) or Svaasand (Svaasand et al., 1995)
have a lower number of factors taken into account as compared to the models of
Altshuler (Altshuler, Smirnov, and Yaroslavsky, 2005) and Meglinski (Meglinski
and Matcher, 2002). In this project the model of Douven (Douven and Lucassen,
2000) was omitted as in a nutshell it represents an intermediate state between
the two more extreme models, the one by Svaasand (Svaasand et al., 1995) and
the one by Altshuler (Altshuler, Smirnov, and Yaroslavsky, 2005). Logically and
as expected, there are also many links between the models. In particular, the
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backgroundmeasurements of the baseline absorption or scattering of the skin pro-
posed by Jacques (Jacques, 2013) are re-used in themodels of Meglinski (Meglin-
ski andMatcher, 2002) and Altshuler (Altshuler, Smirnov, and Yaroslavsky, 2005).
Some of the mathematical models also made the choice to have (partly) an em-
pirical quantification of the scattering coefficient such as Svaasand (Svaasand et
al., 1995) or Altshuler (Altshuler, Smirnov, and Yaroslavsky, 2005). The similarity
of the approach to quantify the optical properties of the skin layers between the
models is directly visible based on on the consistency of the resulting values of the
optical properties (Fig. 6.1 dashed-lines). In particular, the absorption coefficients
of the epidermis and dermis are almost quantitatively agreeing.
6.1.2 Experimental measurements
In total 6 references (Anderson and Parrish, 1981; Bashkatov et al., 2005; Salo-
matina et al., 2006; Simpson et al., 1998; Wan et al., 1981; Marchesini et al., 1992)
were found reporting the indirect measurements of the absorption and scattering
coefficients of the skin layers (Tables 6.3 and 6.4). The skin type used in most
studies was classified as Caucasian or fair skin, with the exception of the stud-
ies of Anderson (Anderson and Parrish, 1981) and Salomatina (Salomatina et al.,
2006) where the skin type of the sample was not reported. The tissue samples
were obtained either after surgery or post-mortem, where measurements were
performed within different time frame, ranging from 1 hour post-surgery to 5 days
after excision (Tables 6.3 and 6.4). The body location of the samples was also
highly variable and included most of the body and face tissues such as abdomi-
nal, groin or breast. The handling of the skin before and during the measurement
was also not consistent between the studies; the separation of layers was either
performed via mechanical means with the help of a razor or thermally; the prepa-
ration of the sample included various steps such as rinsing or not with saline or
the addition of mechanical elements to stabilize the sample.
All these differences are expected to have not only an impact on the actual bio-
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logical state of the sample such as hydration, swelling, amount of blood, degree
of cellular necrosis, but also introduce uncertainties about surface roughness and
geometry of a tissue slab, parameters of crucial importance for optical measure-
ments. As a result, not only the results of the optical measurements performed
using tissue samples prepared under different conditions will differ but also the
results of the back calculation, eventually impacting the estimated optical proper-
ties of the skin layers.
What was consistent in all bibliographic references is that the estimation of the op-
tical properties was done based on the measurement of diffuse reflectance and
transmittance of the sample. On the contrary, the back-calculation methods, per-
formed to quantify the absorption and scattering coefficients, differed from one
reference study to the other. They included the solution of the one dimensional
diffusion approximation, the Kubelka-Munk model and the inverse Monte Carlo
method.
These differences between the methods applied to estimate the optical properties
of the skin layers, are reflected by the reported quantitative values (Fig. 6.1, full-
lines), where there is little or, in a more strict sense, no quantitative agreement
between the results (Fig. 6.1).
6.2 Origin of the spread in the optical properties
A large spread between the reported values of the optical absorption and scatter-
ing coefficient showed up (Fig. 6.1), which was extending up to 100-fold for the
same skin layer between different literature sources.
6.2.1 Absorption coefficient of the epidermis
Two clusters in the reported quantitative values of the absorption coefficient of
the epidermis are observable. The values obtained using mathematical models
of Jacques (Jacques, 2013), Meglinski (Meglinski and Matcher, 2002) and Alt-
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shuler (Altshuler, Smirnov, and Yaroslavsky, 2005) and those obtained based on
the empirical measurement of Wan (Wan et al., 1981) form a first cluster, while
that obtained using the model of Svaasand (Svaasand et al., 1995) and the mea-
surements by Marchesini (Marchesini et al., 1992) and Salomatina (Salomatina
et al., 2006) form another cluster, having in general a lower absorption (Fig. 6.1,
A).
The absorption of the epidermis in the visible and NIR spectral range originates
mainly due to the melanin. The human Caucasian epidermis (light-pigmented) will
contain on average 5 % of melanosomes (Jacques, 1996), with large variabilities
within individuals. Thus, theoretically, at least 5% of the absorption of melanin
should be seen back in the absorption coefficient of the epidermis. The melanin
absorption and the melanosome absorption spectrum were measured (Jacques
andMcAuliffe, 1991), and it shows absorption higher than 100 cm 1 over the whole
visible/NIR range. Using these data as a rational, one could logically set a limit
equal to 5 cm 1 for the value of the absorption coefficient of the epidermis. The
epidermal absorption coefficients of the datasets of Salomatina (Salomatina et al.,
2006), Svaasand (Svaasand et al., 1995) and Marchesini (Marchesini et al., 1992)
are much lower (Fig. 6.1, A) than this ultimate limit.
Additionally, the epidermal absorption coefficient of themodel of Svaasand (Svaasand
et al., 1995) appeared quantitatively lower as compared to all the other mathemat-
ical models, despite showing a consistent trend for the variation of the coefficient
with wavelength (Fig. 6.1, A, dashed lines).
Two reasons which could explain this shift towards a lower absorption level were
identified. First, Svaasand (Svaasand et al., 1995) selected a single value 0:25 cm 1
to model the background absorption of the epidermis (absorption without pigments
present). It corresponds to the absorption of low-absorbing tissue (uterine, eye) in
the wavelength range 600-900 nm and it is assumed to be independent of wave-
length (Table 6.1). In contrast to that assumption, Jacques (Jacques, 2013), Alt-
shuler (Altshuler, Smirnov, and Yaroslavsky, 2005) and Meglinski (Meglinski and
Matcher, 2002) relied on the wavelength-dependent absorption of ex vivo neo-
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natal skin sample, which showed much higher number as compared to a single
value used by Svaasand, in particular in the lowwavelength range (10 times higher
at 450 nm).
Second, while Jacques (Jacques, 2013), Altshuler (Altshuler, Smirnov, and Yaroslavsky,
2005) and Meglinski (Meglinski and Matcher, 2002) were directly using the ab-
sorption of melanin, Svaasand (Svaasand et al., 1995) used the absorption of
melanin at 694 nm and extrapolated this value over the spectral range using 1/4
law to represent the variation with wavelength. The overall absorption level is then
strongly dependent on the empirical value of the absorption of melanin at 694 nm.
Among the experimental datasets (Wan (Wan et al., 1981), Salomatina (Salo-
matina et al., 2006) andMarchesini (Marchesini et al., 1992)), the measurement of
Marchesini (Marchesini et al., 1992) is standing out because of its low absorption
level and the steep variation with wavelength (Fig. 6.1, A). This steep decrease
in the NIR range is in contradiction with slowly decreasing absorption spectrum
of melanin over the visible to NIR band (Jacques and McAuliffe, 1991; Jacques,
1996).
The sample handling reported by all three references (Wan (Wan et al., 1981), Sa-
lomatina (Salomatina et al., 2006) and Marchesini (Marchesini et al., 1992)) differ
in one important aspect, the addition of saline to the sample before measurement.
This step was present in the methods of Salomatina (Salomatina et al., 2006) and
Marchesini (Marchesini et al., 1992) (Tables 6.3 and 6.4). It might be possible that
the saline buffer has increased the volume of the epidermis sample and therefore
reduced the absorption per unit of length as well as affected tissue scattering and
surface roughness, therefore reducing the global absorption level of the coeffi-
cients of Salomatina (Salomatina et al., 2006) and Marchesini (Marchesini et al.,
1992).
It appears that only the mathematical models of Jacques (Jacques, 2013), Meglin-
ski (Meglinski andMatcher, 2002) and Altshuler (Altshuler, Smirnov, and Yaroslavsky,
2005) and the experimental dataset of Wan (Wan et al., 1981) are coherent in
terms of both basic spectroscopic arguments and order of magnitude that one
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can expect from the absorption of the epidermis.
6.2.2 Absorption coefficient of the dermis
The main absorbing components of the dermis are blood (dominating along visi-
ble spectrum) and water (which is becoming to be prominent in the NIR region).
Therefore, one should expect that the estimated absorption spectrum of human
blood containing dermis should show the characteristic absorption peaks of the
haemoglobin, specifically at 420 nm and 540 nm in the short wavelength region
of the visible spectrum (Roggan et al., 1999), and that of water in the NIR area
with a specific absorption band at 970 nm (Hale and Querry, 1973).
All the mathematical models are quantitatively agreeing and are showing the ex-
pected absorption peaks in the visible and NIR part of the spectrum (Fig. 6.1, B
dashed-lines). Also the absorption coefficient of Simpson et al. (Simpson et al.,
1998) derived from indirect optical measurements in the range 600-1000 nm is
showing the expected water peak at 970 nm and quantitatively agreeing with the
mathematical models (Fig. 6.1, B).
On the contrary, experimentally obtained datasets of Salomatina (Salomatina et
al., 2006) and Anderson (Anderson and Parrish, 1981) do not reveal any of these
expected spectral properties (Fig. 6.1, B) and show higher global absorption level
than most datasets. A possible explanation could be that the rinsing with PBS
and the rehydration with saline may have altered the content of the dermis and
therefore the measurement of Salomatina (Salomatina et al., 2006) (Tables 6.1,
6.3 and 6.4).
6.2.3 Absorption coefficient of the subcutaneous fat layer
Themain components of the subcutaneous fat layer are lipids andwater (Woodard
and White, 1986). The absorption spectrum of purified pig fat (Veen et al., 2004)
was reported and shows a characteristic absorption peak at 930 nm.
No distinct clusters of the reported optical properties of subcutaneous (Fig. 6.1,
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C) was observed, except for a quantitative agreement of the model of Meglinski
(Meglinski and Matcher, 2002) and the experimental measurement of Simpson
(Simpson et al., 1998) in the spectral range 600-1000 nm (Fig. 6.1, C).
Only the dataset of Simpson (Simpson et al., 1998) is showing the fat-related
absorption peak at 930 nm (Fig. 6.1, C). The model of Meglinski (Meglinski
and Matcher, 2002) does not show a specific fat-related absorption features but
is quantitatively agreeing with the measurements of Simpson (Simpson et al.,
1998). Strangely Meglinski (Meglinski and Matcher, 2002) did not consider the
fat as an absorbing component of the subcutaneous layer, and only considered
blood and water (composition includes 5 % blood and 70 % water and no lipids).
This perhaps explains why in his dataset the fat-related absorption peak was
not be present. Naturally, given the molecular composition of the subcutis, one
should genuinely expect that a significant contribution of fat absorption (Veen et
al., 2004). Following the general equation for the absorption of a layer in the review
by Jacques (Jacques, 2013), a possible update when considering the absorption
of the subcutaneous fat layer in the model of Meglinski (Meglinski and Matcher,
2002) would be to use the purified fat absorption spectrum from van Veen (Veen
et al., 2004).
6.2.4 Scattering coefficient of all layers
The values of the scattering coefficient reported in analyzed literature references
are not forming any cluster for any layer (Fig. 6.1, D, E, F). All references tend to
show a relative agreement regarding the variation of their coefficient with wave-
length.
6.3 Selection of the datasets of optical properties
As stated earlier the purpose of this study was to select subsets of the optical
properties of the skin layers, presumably most closely representing realistic values
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Author Layer Absorbers
/ scatterers
included
Supporting bilbiographic reference
Jacques Any layer Collagen fibers
and compo-
nents and
others
The scattering of epidermis is assumed to
be similar to the one dermis. Mie scattering
component is extrapolated from the scat-
tering of large cylindrical dermal collagen
fibers (Saidi, Jacques, and Tittel, 1995).
Rayleigh scattering component is extrap-
olated from the scattering of small-scale
structure associated with the collagen fibers
and other cellular structures (Jacques and
McAuliffe, 1991)
Svaasand Any layer Empirical rela-
tion
The scattering of epidermis is assumed to
be similar to the one of the dermis. The
scattering of epidermis/dermis is set to an
empirical value at 577 nm and the variation
with wavelength is assumed to be a law in
(1/) (Svaasand et al., 1995)
Meglinski N.A. N.A. N.A.
Altshuler Any layer Skin baseline
and blood
The skin baseline scattering is based on the
formula proposed by Jacques (Jacques and
McAuliffe, 1991). The scattering,formula is
extended to the NIR range from Troy et al.
(Troy and Thennadil, 2001) The scattering
of blood is adapted from Svaasand formula
(Svaasand et al., 1995)
Table 6.2: Factors included in the mathematical models for estimating the optical
properties of the skin layers in the bibliographic references included in the study
(scattering coefficient).
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Figure 6.1: Absorption and scattering coefficients versus wavelength from bibli-
ographic sources for epidermis (A, D), dermis (B, E) and subcutaneous fat layer
(C, F). Full lines are extracted from experimental measurements, dashed-lines
are extracted from mathematical models.
using a rational-based approach.
Only themost coherent datasets reflecting contribution of themajor chromophores
of the skin compartments were retained (Table 3).
They were combined in 4 skin datasets containing the optical properties of each
of the 3 main skin layers (Table 4). The remaining datasets for the subcutaneous
fat layer were not numerous enough and only one subcutaneous dataset was
created combining the ones from (Simpson et al., 1998), Meglinski (Meglinski and
Matcher, 2002) and Bashkatov (Bashkatov et al., 2005).
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Reference Remarks Included/Not In-
cluded
Jacques None Included
Svaasand Significantly lower contribution of melanin in
the absorption coefficient of epidermis than
expected target with overall much lower ab-
sorption
Not included
Meglinski Absence of characteristic absorption band
of fat at 930 nm, while the order of mag-
nitude is in agreement with the values of
Simpson (Simpson et al., 1998)
Included
Altshuler None Included
Salomatina Significantly lower contribution of melanin in
the absorption coefficient of epidermis than
expected target; Absence of characteristic
absorption peaks of hemaglobin and water
in the dermal absorption coefficient; High
absorption of the subcutaneous fat layer
Not Included
Anderson Absence of characteristic absorption peaks
of blood and water in the dermal absorption
coefficient; High absorption of the dermal
layer; Low scattering of the dermal layer
Not Included
Marchesini Significantly lower contribution of melanin in
the absorption coefficient of epidermis than
expected target; Steep variation of the ab-
sorption of the epidermis in the NIR
Not Included
Simpson None Included
Bashkatov High absorption of the subcutaneous fat
layer
Included (only
for scattering)
Wan None Included
Table 6.5: Summary of the rational for the inclusion or exclusion of bibliographic
references from analysis
Dataset # Reference epidermis Reference dermis Reference subcuta-
neous fat layer
1 Jacques Jacques Simpson Meglinski /
Simpson Bashkatov
2 Wan Simpson Jacques /
Simpson Jacques
Simpson Meglinski /
Simpson Bashkatov
3 Meglinski / Altshuler Meglinski / Altshuler Simpson Meglinski /
Simpson Bashkatov
4 Altshuler Altshuler Simpson Meglinski /
Simpson Bashkatov
Table 6.6: Selected datasets used in simulations together with the bibliographic
references for the absorption and scattering coefficients (absorption / scattering)
of epidermis, dermis and subcutaneous fat layer
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6.4 Predicted photon density distribution in depth, beam
profiles and skin reflectance versus the skin layer
optical properties datasets
The resulting quantitative predictions of light distribution over the depth in the skin
obtained using a Monte Carlo model and the four selected datasets are falling
within a range where the minimum and maximum values of photon densities are
different by a factor 6, in absolute terms. The maximum difference is observed
when looking at a ratio between themaximumof photon density at 655nm between
the datasets 1 (Jacques (Jacques, 2013)) and 4 (Altshuler (Altshuler, Smirnov,
and Yaroslavsky, 2005)) (Table 6.7).
Overall the ratios between the estimated photon densities obtained using the
four selected datasets is stable over the 4 tested wavelengths. In particular, the
dataset 1 is systematically predicting the lowest maximal photon density, reach-
ing around 1/4 of the magnitude obtained using dataset 4. Distribution of light
obtained using the remaining datasets, those of Wan (Wan et al., 1981)/Simpson
(Simpson et al., 1998) and Meglinski (Meglinski and Matcher, 2002) demonstrate
more resemblance to that obtained using the dataset 4. Specifically, the values
estimated using the dataset 2 (Wan (Wan et al., 1981)/Simpson (Simpson et al.,
1998)) and the dataset 3 ((Meglinski and Matcher, 2002)) are reaching 1/2 and
3/4 of the maximum when using the dataset 4, respectively (Table 6.7).
At 655 nm, a decrease of the ratios between the maximum of photon density ob-
tained with the datasets 1 and 3 compared to the same ratios at the three other
wavelengths was observed, while the dataset 2 increased its maximum (Table
6.7). These effects were associated to the low epidermal absorption reported by
Jacques (Jacques, 2013) and Meglinski (Meglinski and Matcher, 2002) as com-
pared to the higher epidermal absorption estimated by Wan (Wan et al., 1981)
and Altshuler (Altshuler, Smirnov, and Yaroslavsky, 2005) (Fig. 6.4).
When looking at the predictions of photon density level in depth using the four
130
datasets, a good agreement in relative terms is observed. In particular, the max-
imum difference of factor of < 2 is reached at 2 mm depth between the photon
density estimated using datasets 1 and 4 at 450 nm (Fig. 6.2).
Furthermore, estimated axial beam profiles expressed in terms of photon density
in the upper dermis (700 micrometers below the skin surface) vary within a factor
5, which is reached again between the datasets 1 and 4 at 450 nm (Fig. 6.3).
Within 2 mm distance from the irradiation point at a position of upper dermis, the
relative quantitative difference between the predictions using each of the datasets
is falling under a factor 2.
Figure 6.2: Relative photon density versus depth obtained from the Monte Carlo
predictions of optical transport in a three-layer human skin model using the se-
lected optical properties datasets, shown in semi-logarithmic scale. The photon
density presented was extracted from a rectangular cylinder of sizes 400 m by
400 m centered on the propagation axis.
At 530 nm, and 850 nm, a similar decrease of the photon density level is ob-
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Figure 6.3: Beam profile in the dermal layer (photon density) versus radial axis
obtained from the Monte Carlo predictions of optical transport in a three-layer
human skin model using the selected optical properties datasets, shown in semi-
logarithmic scale. The photon density presented is the beam profile measured
at 700 m under the skin surface and averaged over 164 m in the direction
perpendicular to the propagation axis
served in depth and in profile using all datasets (Fig. 6.2 and 6.3), where there is
a quantitative agreement between them within a factor 2 at all spatial locations.
At 450 nm, however, the dataset 4 is standing out, where the photon density as-
sociated with it has a steeper decrease with depth in the epidermal layer and a
slower decrease with depth in the dermal layer compared to the other datasets
(Fig. 6.2). As such, this resulted in a lower relative photon density in the epider-
mis and a higher photon density in the dermis as compared to other datasets (Fig.
6.2, 450 nm). This trend originates due to relatively higher epidermal absorption
and scattering as well as due to lower dermal absorption and scattering asso-
ciated with the dataset of Altshuler (Altshuler, Smirnov, and Yaroslavsky, 2005)
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Wavelength
(nm)
450 530 655 850
Jacques 0.249 0.242 0.174 0.248
Wan/Simpson 0.473 0.486 0.526 0.487
Meglinski 0.753 0.760 0.621 0.747
Table 6.7: Ratios between the maximum of photon density reached in the skin
with the datasets 1 (Jacques (Jacques, 2013)), 2 (Wan (Wan et al., 1981) /Simp-
son (Simpson et al., 1998)) and 3 (Meglinski (Meglinski and Matcher, 2002)) over
the maximum obtained with the dataset 4 (Altshuler, Smirnov, and Yaroslavsky,
2005).
(Fig. 6.4).
Similar difference is also observable at 530 nm (Fig. 6.2), however, to a lower
extent as the absorption and scattering coefficients associated with dataset 4 are
quantitatively closer to the ones originating from the other three datasets (Fig.
6.4).
Figure 6.4: Absorption versus scattering coefficients corresponding to datasets
1, 2, 3 and 4 for the epidermis (left) and dermis (right). The symbol indicates
the dataset: 1 (), 2 (+), 3 (x) and 4 (). The colour of the dots indicates the
wavelength, blue 450 nm, green 530 nm, red 655 nm and black 850 nm.
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6.5 Comparison of the skin diffuse reflectance estimated
usingMonte Carlo model and selected optical prop-
erties to an independent source of in vivo measure-
ments
As the next step, the comparison of the skin reflectance estimated using Monte
Carlo model and selected optical properties with an independently obtained in vivo
measurements of reflectance of human skin was performed. The independent hu-
man skin reflectance was measured on 28 individuals with Caucasian skin type,
information which is available at the National Institute of Standards and Technol-
ogy (NIST) (Cooksey, Tsai, and Allen, 2014).
In the first instance one can see that the variability of the diffuse reflectance orig-
inating from individual human subjects as reported by the NIST reaches about
30% (Fig. 6.5, dotted-black lines).
Furthermore, what is very encouraging is that when comparing the quantitative
values of the diffuse reflectance of human skin, extracted from the NIST source
to those estimated using Monte Carlo model, the diffuse reflectance associated
with all of the four selected datasets are falling within the range reported by the
NIST, specifically for the visible wavelengths (Fig. 6.5, 450, 530, 655 nm).
What is seen however, that at all wavelengths, and particularly at 655 nm, the dif-
fuse reflectance associated with the datasets of Altshuler (Altshuler, Smirnov, and
Yaroslavsky, 2005) and Wan (Wan et al., 1981)/ Simpson (Simpson et al., 1998)
is higher than that associated with the two other datasets of Meglinski (Meglinski
and Matcher, 2002) and Jacques (Jacques, 2013) (Fig. 6.5). One can easily rec-
ognize here two clusters when looking at diffuse reflectance corresponding to 655
nm: the one originating when using the data of Altshuler (Altshuler, Smirnov, and
Yaroslavsky, 2005) and Simpson (Simpson et al., 1998) and the other - Jacques
(Jacques, 2013) and Meglinski (Meglinski and Matcher, 2002) (Fig. 6.5, 655 nm).
The origin of these two clusters is rooted back in the differences of absorption
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coefficients of the epidermis and dermis between these two pairs of datasets, in
particular for wavelength longer than 600 nm (Fig. 6.1, A B).
At 450 nm and 530 nm, the diffuse reflectance associated with the dataset of
Meglinski (Meglinski and Matcher, 2002) is particularly lower than that associated
with the rest of the datasets (Fig. 6.5). A possible explanation for this differences
is the combined effect of a higher dermal absorption, as well as a lower epidermal
absorption as discussed earlier (Fig. 6.4).
Figure 6.5: Diffuse reflectance of human skin computed from the Monte Carlo
predictions of the propagation of light in a three-layer skinmodel using the selected
optical properties datasets. Also shown is an empirical measurement of the diffuse
reflectance of human Caucasian skin as measured by the NIST (Cooksey, Tsai,
and Allen, 2014)
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6.6 Discussion
Our review of the literature found 4mathematical models and 6 experimental mea-
surements reporting the optical properties of one or several of the skin layers,
where a large spread of the reported values of optical properties of the skin layers.
More specifically, published values of the absorption and scattering coefficients
of the epidermis, dermis and subcutaneous fat layer were found to extend over a
large range, where up to 100-fold difference are present for one coefficient of one
skin layer (Fig. 6.1). This existing dramatic variation poses a major problem for
application of Monte Carlo optical model for the prediction of the light propagation
in human skin and further selection of treatment parameters and interpretation of
values in skin diagnostics, as the calculated photon density will be directly and
very strongly impacted by the choice of absorption and scattering coefficients for
the skin components. Furthermore such a large spread in the reported values
raises a question about the validity of the references reporting the optical proper-
ties of the skin layers.
Therefore, the purpose of this work was to select subsets of the optical properties
of the skin layers, presumably most closely representing realistic values using a
rational-based approach.
In attempt to achieve this, a rational-based approach was adopted, guided by a
simple yet a very powerful idea (Jacques, 2013), stating that the absorption and
scattering of any tissue, and particularly of any homogeneous skin layer, should
simply find their origins in the biological composition of the layer.
This idea was implemented on practice by, in the first instance, evaluating each of
the reported dataset in terms of presence of the absorption bands of the strongest
chromophores over visible to NIR range, specific for each of the skin layers:
melanin - in epidermis, haemoglobin - in dermis, and lipids – in subcutaneous
fat.
Secondly, the sample preparation and handling during optical measurements was
also extracted trying to link differences in the reported value with variations in ex-
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perimental lab protocol.
And finally, the coherence or clustering between the datasets originating from dif-
ferent research investigations was analyzed.
As a result of these steps, it was possible to exclude from further considerations
three sets of the optical properties estimated based on experimental measure-
ments (Salomatina (Salomatina et al., 2006), Anderson (Anderson and Parrish,
1981) and Marchesini (Marchesini et al., 1992)) and one – based on mathemati-
cal model (Svaasand (Svaasand et al., 1995)). All these datasets were discarded
as they did not contain the spectroscopic features that one should expect to be
present based on the biochemical content of the skin layers. In particular, the
mathematical model of Svaasand (Svaasand et al., 1995) and the experimen-
tal measurements of Salomatina (Salomatina et al., 2006), Anderson (Anderson
and Parrish, 1981) and Marchesini (Marchesini et al., 1992) were all not showing
the expected spectroscopic features in the quantitative values of their respec-
tive absorption coefficient (Tab. 6.5). Finally as a result of such a screening,
5 publications were retained (Wan (Wan et al., 1981), Simpson (Simpson et al.,
1998), Jacques (Jacques, 1996), Meglinski (Meglinski and Matcher, 2002) and
Altshuler (Altshuler, Smirnov, and Yaroslavsky, 2005)) reporting the most coher-
ent with each other and realistic optical properties, reflecting contribution of the
major chromophores of the skin compartments. Across these datasets the vari-
ability of the absorption and scattering coefficients decreased from a factor 100 to
under a factor 3 at fixed wavelength (Fig. 6.4).
Looking at the sample preparation and handling, it seems important that any ex-
perimental measurement of the optical properties of the skin layers should as less
as possible alter the biochemical content of the skin layers. The importance of the
sample handling routine should not be underestimated. For example, the quanti-
tative values of the optical properties measured by Salomatina (Salomatina et al.,
2006) are showing signs that the chemical composition of the layers was severely
affected during measurement, potentially during the washing/rinsing phase. The
absorption peaks of blood, water and fat were not visible in the corresponding
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layers (dermis and fat). Besides, the absorption coefficient of all layers (epider-
mis, dermis and subcutaneous fat layer) were quantitatively too similar: a slow
decrease from around 10 cm 1 at 400 nm to 0:5 cm 1 at 1000 nm, while their com-
position is clearly distinct (Raicu and Feldman, 2015). The measurements of the
optical properties should ensure that the pigments and optically active compounds
are preserved in their original state.
Likewise, for the mathematical models applied to calculate the optical properties
of a specific layer based on its baseline properties and additional chromophores,
the addition of all the contributions of the relevant pigments to the absorption of
the layer is recommended. For example, the addition of the absorption of fat to
the absorption coefficient of the subcutaneous fat layer in the model of Meglinski
(Meglinski and Matcher, 2002) may be necessary.
Taken together a recommendation can be formulated: one would benefit from
preferentially using the datasets reported by Wan (Wan et al., 1981), Simpson
(Simpson et al., 1998), Jacques (Jacques, 1996), Meglinski (Meglinski andMatcher,
2002) and Altshuler (Altshuler, Smirnov, and Yaroslavsky, 2005).
Prior performing Monte Carlo calculations of light propagation in the skin using
the selected sources of literature, to evaluate the impact of yet remaining spread
in reported values, 4 complete datasets were constructed by merging individual
datasets from 6 sources in total (Wan (Wan et al., 1981), Simpson (Simpson et
al., 1998), Jacques (Jacques, 1996), Meglinski (Meglinski and Matcher, 2002)
and Altshuler (Altshuler, Smirnov, and Yaroslavsky, 2005), Bashkatov (Bashka-
tov et al., 2005)). This was necessary as in some cases each of the publications
did not report the complete set of the optical parameters over the total visible to
NIR range for all three optical properties (absorption and scattering coefficients
and anisotropy of scattering) for each of the three skin layers (epidermis, dermis,
subcutaneous fat).
The next steps were to calculate light propagation in the skin model using Monte
Carlo model and selected optical properties and to evaluate the resulting differ-
ences in photon densities originating based on several data sources in terms of
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dependency on the wavelength-, depth- and radial dimension. More specifically,
this project has reported the resulting impact of variability of the optical properties
on the output photon densities and thus on the uncertainty in Monte Carlo predic-
tion.
Despite the reduction of the variabilities of the optical properties of the skin lay-
ers, the simulations of light propagation in the skin still revealed a quantitative
disagreement of the calculated photon density, up to a factor 6, between the 4
selected datasets (Tab. 6.7).
This variability could be reduced by tuning the mathematical models even further
and reducing the variability of the optical properties of the datasets further. Indeed,
most mathematical models have many factors which are estimated and might not
be set to the most realistic values (melanin content of the epidermis, blood content
of the dermis, absorbers of the layer, etc.). However, it will never be possible to
find exactly defined single value for those due to the variability of the skin proper-
ties existing between individuals, body location, skin type, etc. For example, the
melanosome content of the epidermis was shown to vary between 1 to 6 % in vol-
ume fraction of epidermis in light-skinned adults (Jacques and McAuliffe, 1991).
Variability in the optical properties of the skin layers will always exist. Thus, this
remaining variability between the selected datasets might be partly due to a nat-
ural variability existing in large group of individuals. Therefore, the quantitative
disagreement of the calculated photon density, due to the variability of the optical
properties of the skin layers, might only be partly solved with a ‘better’ measure-
ment or model of the optical properties of the skin layers.
The last step towards narrowing down a parameter window was verification of the
estimated the values of diffuse reflectance from human skin using Monte Carlo
model with respect to an independent source of data: in vivo diffuse reflectance
measurements on human subjects originating from an independent source of data
(Cooksey, Tsai, and Allen, 2014). Here a good agreement was observed, where
while variability of the diffuse reflectance originating from individual human sub-
jects as reported by the NIST was about 30% (Fig. 6.5, dotted-black lines), the
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diffuse reflectance calculated using Monte Carlo model and associated with all
of the four selected datasets were falling within the range reported by the NIST,
specifically for the visible wavelengths (Fig. 6.5, 450, 530, 655 nm). This verifica-
tion step supports proposed selection of the datasets of the optical properties.
6.7 Summary
In this chapter, the accuracy of the Monte Carlo optical model was investigated.
In particular, the impact of the variability of the optical properties of the skin layers
on the output of the model was evaluated. The main results are:
- 4 mathematical models and 6 experimental measurements of the optical
properties (absorption and scattering coefficients) of the skin layers pub-
lished between 1981 and 2013 were found in the literature. The quantitative
values of the absorption and scattering coefficients originating from the pub-
lications were extending over two orders of magnitude for the same property
of any layer at a given wavelength.
- The careful selection of the most trust-worthy dataset, based on the spectral
properties of the biochemical content of the skin layers, allowed the reduc-
tion of the spread of the skin layers optical properties to be under a factor 3
at a given wavelength
- 5 publications were retained (Wan (Wan et al., 1981), Simpson (Simpson
et al., 1998), Jacques (Jacques, 1996), Meglinski (Meglinski and Matcher,
2002) and Altshuler (Altshuler, Smirnov, and Yaroslavsky, 2005)) reporting
the most coherent with each other and realistic skin layers optical properties,
reflecting contribution of the major chromophores of the skin compartments.
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Chapter 7: Conclusion
In the introduction of this thesis I explored four key gaps emerging from the lit-
erature in photobiomodulation in dermatology. These included: the unidentified
chromophore(s) responsible for the reception of light in human skin and human
skin cells, the misunderstood mechanisms of actions of light in human skin cells,
the lack of rationality in the selection of optical treatment settings in photobiomod-
ulation studies and the lack of translational tools for the extrapolation from in vitro
study to in vivo applications. Results demonstrated in this project were able to
partly address some of these gaps.
The literature review of chapter 3 provides a more detailed overview of the in-
consistencies surrounding the current knowledge in the fundamentals of photo-
biomodulation in dermatology. The practical aim of this review was to seek greater
clarity and rationality, specifically for the selection of optical parameters for hair
regrowth and wound healing. Its investigation of 90 reports published between
1985 and 2015 revealed major inconsistencies in the selection of optical param-
eters for clinical applications. Moreover, it is now understood that many photore-
ceptors expressed in human skin such as cytochrome c oxidase, cryptochromes,
opsins, ion-gated channel etc. may trigger different molecular mechanisms simul-
taneously in skin cells. All this could explain the plethora of reported physiological
effects of light. Furthermore, there is a need for a more systematic approach to
derive parameters for optimal clinical efficacy of photobiomodulation, supported
by a more rational approach to underpin clinical studies, with research on molec-
ular targets and pathways using well-defined biological model systems. This will
pave the way to enable translation of optical parameters from in vitro to in vivo.
Puzzled by the strong inconsistencies in the parameter-effect space in photo-
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biomodulation, chapter 4 presented a rational approach for the selection of the
optical treatment parameters in photobiomodulation. It investigated the appropri-
ateness of a range of previously-reported treatment parameters, including light
wavelength, irradiance and radiant exposure, as well as cell culture conditions
(e.g., serum concentration, cell confluency, medium refreshment, direct/indirect
treatment, oxygen concentration, etc.), in primary cultures of normal human der-
mal fibroblasts exposed to visible and near infra-red (NIR) light. Apart from irradi-
ance, all study parameters impacted significantly on fibroblast metabolic activity.
Moreover, when cells were grown at atmospheric O2 levels (i.e. 20%) short wave-
length light inhibited cell metabolism, while negligible effects were seen with long
visible and NIR wavelength. By contrast, NIR stimulated cells when exposed to
dermal tissue oxygen levels (approx. 2%). The impact of culture conditions was
further seen when inhibitory effects of short wavelength light were reduced with
increasing serum concentration and cell confluency. This chapter concludes that
a significant source of problematic interpretations in photobiomodulation reports
derives from poor optimization of study design. Further development of this field
using in vitro/ex vivo models should embrace significant standardization of study
design, ideally within a design-of-experiment setting.
Strengthened by this project’s rational investigation of the critical factors involved
in the photobiomodulation interaction in human dermal fibroblasts, an optimized
in vitro model of human dermal fibroblasts was developed and was treated by a
restricted parameter window of optical treatment parameters. In chapter 5, com-
plete dose-response curves at 6 visible and NIR wavelengths measured on the
metabolic activity of human dermal fibroblasts revealed a stronger impact of short
visible wavelengths compared to long visible and NIR wavelengths even over
large dose range (0-250 J:cm 2). Furthermore, a the dose response of human
dermal fibroblasts to short visible wavelengths was found to fit a biphasic dose
response curve, with successively inhibition and cytotoxicity. Next, I explored
the live-induction of ROS in human dermal fibroblasts in response to short visible
wavelengths. The creation of ROS species was linearly dependant on the dose
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of visible light. Besides, the localization of the light-induced ROS showed a good
correlation with a mitochondria tracker, indicating that ROS species might directly
originate from the expression pattern of a mitochondria in the cells. On the con-
trary, NIRwavelengths did not induce any significant amount of ROS species upon
irradiation. Lastly, the impact of short and long visible wavelengths on explanatory
and functional readouts was investigated. The impact of three light parameters
at the gene expression levels was assessed in human dermal fibroblasts sub-
populations. The results showed that blue light (450 nm) down-regulated multiple
pathways involved in proliferation, metabolic activity and protein synthesis in a
dose-dependant manner. Additionally, blue light down-regulated the TGF-B sig-
nalling pathways, and specifically TGFB2 gene, for all populations and all light
radiant exposures tested. Likewise, blue light also down-regulated the procolla-
gen production by both subpopulations of human dermal fibroblasts in a dose-
dependent manner (increased down-regulation with increasing dose). This was
associated with the down-regulation of collagen fibers genes and integrins and
up-regulation of MMP1 at the gene level. Importantly, consistent results between
the gene expression study and the cellular assays were found.
In parallel, the chapter 6 presents an investigation of the potential use of Monte
Carlo optical model for the translation of the results of photobiomodulation in vitro
to in vivo applications. As the quantitative spread of the optical properties of the
skin layers is known to be large, the accuracy of such model is known to be low,
and therefore it reduces the adequacy of using such a model when accurate treat-
ment needs to be provided. The literature review of chapter 6 actually revealed
that the absorption and scattering coefficients of each skin layer varied by asmuch
as two orders of magnitude. This variation was reduced to a factor 3 by the care-
ful selection of the most ‘trust-worthy’ bibliographic datasets, whose selection was
based on the spectroscopic features expected from the biological content of the
skin layers. The remaining variability was translated to a factor of 6 in the calcu-
lated photon densities in absolute terms, and a factor of 2 in relative terms within
2 mm distance from the irradiation centre in the skin. The diffuse reflectance ex-
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tracted from the Monte Carlo simulations were consistent with an independent
measurement of human skin reflectance in vivo. It may therefore be concluded
with a recommendation to use of trust-worthy optical property datasets which show
the expected absorption features associated to the biochemical content of the skin
layers. This could increase the accuracy of the prediction of the quantitative pho-
ton density level in the skin, and therefore help to standardize the photon density
originating from the same optical input at most location in the skin.
The field of photobiomodulation is receiving an increasing attention. Future re-
search will probably include simultaneous investigations in vitro, ex vivo and in
vivo.
The mystery around the ’how’ and ’what’ of the action of light in photobiomodula-
tion still exists. The use of in vitro research is fundamental, due to the practicability
of the design and analysis of the response of in vitromodels. Indeed, the interpre-
tation of results is muchmore straightforward than with in vivomodels. A particular
area of future research could be the development of more realistic in vitromodels,
with higher and closer approximations to in vivo conditions. This could include a
similar composition of the extracellular matrix or the introduction of mechanical
flow to mimic the body’s live mechanisms of fluid movement. The introduction of
mechanical stress in in vitro models might become relevant as it has been shown
to be fundamental in driving the behavior of cells in vivo (Evans et al., 2013). More
research is needed to understand the action of light on individual cell layers, from
parameter studies, action spectrum and on to pathway analysis. Some specific
suggestions include the understanding of the mediation of the action of light: di-
rectly by the cell’s components and/or indirectly via the culture medium. Indeed a
large amount of interaction might be mediated by or via the culture medium includ-
ing the activation of extracellular growth factors, cytokines via ’bystander’ effects.
In order to understand the molecular pathways triggered by light in the cells, rel-
ative changes in gene expression after irradiation represent a key opportunity.
The development of 3D in vitro models and ex vivo/in vivo models will most prob-
ably become more and more important in photobiomodulation research. Indeed,
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contrary to single-cell in vitro models, they have the realness required from a bio-
logical model and which is critical to draw strong conclusions. However, the under-
standing becomes immediately more complex as many more interacting targets
are involved. Future research in that area will need to address the propagation of
light in the skin. Indeed, researchers are required to understand how a specific
light treatment will reach the different skin layers and cell populations. This will
help for the reporting of more robust results and a better understanding of empir-
ical observations.
Last but not least, combining both real in vivo complexity and in vitro practica-
bility, numerical modelling of biology systems might become relevant. They are
better able to predict the dynamic behavior of multicellular organs such as the skin.
Therefore, knowing the individual responses of individual skin cells to visible light,
numerical agent-based models of the skin could be used to get a better under-
standing of the action of light on an interactive multi-cellular model. For example,
the dynamic time-evolution of the epidermis in normal and diseased conditions
was numerically predicted (González et al., 2003; Li, Chen, and Huang, 2013;
Zhang et al., 2015). The model include many features such as inter-cellular sig-
nalling, proliferation, differentiation or even stem cell-ness (González et al., 2003;
Li, Chen, and Huang, 2013; Zhang et al., 2015). Potential next steps would most
probably include wound healing, inflammation or even psoriasis (Mi et al., 2007;
Zhang et al., 2015). These models could be used and adapted to predict the
response to light treatment knowing the responses of each individual cell popula-
tions. As photobiomodulation is a dose-dependant interaction, this would need to
be combined with the prediction of photon density in the skin as calculated with
Monte Carlo methods for example.
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Chapter A: Essential definitions and
concepts in Photobiology
In this section we review the principles and nomenclature relating to the quantifi-
cation of light, that are essential for photobiology, basics of biomedical optics for
light propagation in tissue. First, definitions of photobiological units will be given
to assure consistency throughout the entire report. These units are defined by
the CIE (Commission Internationale de l’Eclairage) and have been summarized
by Sliney et al (Sliney, 2007).
A.1 Photobiological units
When it comes to light interaction with biological tissues and specifically to photo-
biology, it is essential to use relevant and consistent nomenclature for the quan-
tification of light. Unfortunately, the vast majority of scientific articles reporting
on both in vivo and clinical studies and on in vitro studies lack such a rigorous
and consistent approach. This make it very difficult, and often impossible, to re-
late treatment parameters with clinical outcomes, to compare interaction outcome
between different parameters (e.g. power, dose, irradiance, radiant exposure).
It also excludes any possibility to make further predictions towards settings that
could lead to improved efficacy of treatment.
Below the most essential parameters and possible variability of each of them are
listed:
• Light Energy: Wavelength, Power, Dose, Irradiance, Radiant Exposure, Cu-
mulative Radiant Exposure
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• Light Regime: Continuous Wave, Pulsed Wave
• Light Coherence: Time and Spatial Coherence
A summary table containing every unit described here is showed on table A.1.
A.1.1 Light energy
Every light source is characterized by its light emission or by how much output
power exits the source and in which direction. The latter two parameters, Output
Power and Spatial Distribution, are of primary importance when characterizing a
photobiological interaction. Output power is linked to the light source, and to the
choice of wavelength. The energy of photons depends on the wavelength of light.
While power is defined as the number of photons exiting the light source per unit of
time, and is expressed in Watts (W ), equivalent to Joule per second (J:s 1). Spa-
tial distribution of light will give the spatial allocation of these photons, and can
be expressed as a photon density map. Power and Spatial Distribution directly
input the Irradiance and Radiant Exposure (and cumulative Radiant Exposure);
key parameters in photobiology, which will also be used throughout this Report.
Irradiance I is defined as the number of photons impinging on a surface per unit
of area and per unit of time. In photobiology it is generally expressed inmW:cm 2;
while radiant exposure RE is the number of photon impinging on a surface per
unit of surface over a defined time, generally expressed in J:cm 2. Both units are
linked by the exposure time T .
To summarize, Irradiance and Radiant Exposure are the most essential pa-
rameters that define the effect of light on biological tissues. Moreover, each of
them can have an impact on the biological response. A good illustration of the
importance of both Irradiance and Radiant Exposure can be found in the article
by Anders et al. (Anders et al., 2010). Anders et al. treated neural cells using
a range of irradiances and radiant exposures and demonstrated different effects
as a function of irradiance, even when the radiant exposure was kept the same.
Similar behaviour was observed as a function of radiant exposure, while irradiance
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remained constant. Therefore, both these parameters should always be provided.
A.1.2 Light regime
The second important parameter in photobiology is the regime of light, whereby
samples can be treated either using continuous wave light (which is most often
reported in the articles describing clinical studies using light for skin and hair treat-
ment) or pulsed light. In case of a continuous wave regime, it is entirely charac-
terized by Irradiance and Radiant Exposure parameters. Treatment using pulsed
light is less common reported in literature. It is somewhat more complex and at
least 2 other parameters are necessary to describe a pulsing regime, and 4 other
could be necessary to describe complex pulsing regime.
The most important are Pulse Duration and Duty Cycle. Pulse Duration  repre-
sents the time during which the light source is turned on, while the duty cycle DC
represents the total period or the sum of the on- and off- time of the light source.
More complex pulsing regimes could include pulse trains of a defined frequency
and duration 1, separated by a time interval of 2. Pulse trains are character-
ized by the number of pulses per train PPT and the train interval TI. Barolet
et.al demonstrated importance of pulsing and pulse parameters on stimulative or
inhibitory effect of light on collagen production in fibroblasts cells (Barolet et al.,
2010).
A.1.3 Light coherence
The third parameter important in phototherapy is light coherence. Incandescent
lamps and light emitting diodes (LEDs) have low spatial- and time coherence
(which could be only a few hundreds of microns for an LED source), whereas
laser sources emit light waves of high time- and spatial coherence (coherence
length can be as long as several tens of meters). Until now no solid evidence has
been reported demonstrating the importance of light coherence on photobiologi-
cal effects. Alas, many researchers use lasers, LEDs and sometimes broad-band
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Name Symbol Units
Power P W
Dose D J
Irradiance I mW:cm 2
Radiant Exposure RE J:cm 2
Exposition Time T s
Pulse Duration  s
Duty Cycle DC %
Pulse Per Train PPT No Units
Train Interval TI s
Table A.1: Quantities in photobiology
lamps, assuming there is no difference between them in this regard. Karu in (Karu,
2003) proposed a hypothesis that light coherence may play a role in photobiolog-
ical effects, in cases where light traverses through a thick enough turbid medium,
as coherence of a light source will impact on a phase of the light. A similar remark
could be made on polarization, another light property that is very poorly repre-
sented in investigations.
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A.1.4 Elecromagnetic spectrum and solar reference
400 450 500 550 600 650 700 800
UV IR
Wavelength (nm)
Figure A.1: Electro-magnetic spectrum of the visible and NIR range
It is interesting to put the quantitative values of the optical settings used in liter-
ature in comparison with a the output of the sun. Accurate and detailed spectra are
openly available from the DOE/NREL/ALLIANCE website (http://rredc.nrel.gov/),
providing several types of Solar Irradiances (direct or 30  tilted), also described
by Gueymard et al. (Gueymard, Myers, and Emery, 2002). Out of these data,
an order of magnitude of irradiance within the visible spectrum can be obtained:
0:1mW:cm 2:nm 1. After 1 hour under the sun a total broadband dose of 200 J:cm 2
could be received. In order to create a relevant comparison, we should compare
with a typical bandwidth of light sources used in photobiomodulation. The band-
widths would be of 0:01 nm and 10 nm for a HeNe laser and typical LED. The result
is that a laser with an irradiance less than 10mW:cm 2 will not provide more than
what the sun is already sending, while the same value would be 0:005 mW:cm 2
for a LED. In one hour, a laser with the sun irradiance will then give a dose of
3:6 mJ:cm 2, while a LED, with the same irradiance, will give 3:6 J:cm 2. The
large difference between both light sources come from the bandwidth. A laser has
a significantly tiny bandwidth compared to the LED, figuratively a LED is sending
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thousands of laser-wavelengths all different and close to each other.
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Chapter B: Technical characterization and
safety considerations of light-based prototypes
B.1 Environmental influence of the optical output
The devices have been characterized at ambient temperature. The emission
power of the LED are dependant on the temperature of the heat sink (information
which is displayed in the software). As shown in the section B.1, the temperature
of the environment can have an influence on the optical output; especially if the
environment is a close box such as an incubator. The user should be aware that
the optical output should stay within 10 % of the characterized value only if the
temperature is inferior to 75. If a very high temperature is reached the LED will
be damaged, or even broken. The illumination will then stop without further risks.
Sirius-24 characterization
Temperature/Power variation
LED are component whose emission variate with temperature. In the case of
Sirius-24, the LED are manufactured by Lumileds mainly and OSLON for the in-
frared LED. In the datasheet, variation of the emission due to temperature is avail-
able. As a rapid summary the following should be kept:
• Blue, Red and Infrared have very low variation of emission with temperature
• Green and Cyan have slight emission variation with temperature
• Yellow have significant emission variation with temperature
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It has been checked experimentally, roughly. In air environment, the irradiance
was measured two times:
• Initial temperature
• Stabilized temperature
The following results were obtained shown in table B.1.
Box Wavelength Initial Temp. 28  Stabilized Temp. 34  Variation
”Blue” Box
447 50 50 Not measurable*
505 39 38.4 Measurable
530 30 29.3 Measurable
”Red” Box
591 6.8 6 Measurable
655 68 68 Not measurable*
850 75 75 Not measurable*
Table B.1: Sirius-24: Irradiances at 13mm distance from the LED chip, measured
under the maximum (software) current of 700mA using Ophir Powermeter Nova II
and sensor PD300-3W-V1 calibrated Oct-2014, at two different temperatures, ini-
tial and after stabilization (long exposure). *Within the accuracy of measurement
Sirius-8 characterization
Later on, the different light sources within Sirius-8 will be designated by letter and
number as showed on figure B.1. The letter stands for the color of the light source
and the number for the row index.
Irradiance of the light-based device Sirius-8 at the working distance (50 mm)
The irradiances (Fig. B.2) reached with the light-based prototype Siriu-8 were
measured at the bottom of a 35 mm culture dish placed on the device using an
Ophir Nova II powermeter with PD-300 3W sensor. The 8 light sources have
different irradiances reached at the bottom of the dish due to difference in the
LEDs themselves but also in the current which flows in both paths.
Temperature/Power Variation
LED are component whose emission variate with temperature. In the case of
Sirius-8, the LED are manufactured by Lumileds for the visible and OSLON for
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Fan 
Fan 
IR 1 IR 2 
R 1  R 2 
G 1 G 2 
B 1  B 2 
Figure B.1: Photograph of the light-based prototype Sirius-8
Current (A) IR 1 IR 2 R 1 R 2 G 1 G 2 B 1 B 2
0.005 0.1 0.1 0.9 1 0.7 0.7 1.5 1.5
0.01 0.7 0.7 2 2.1 1.8 1.8 3.4 3.5
0.05 8.1 7.5 10.9 11.3 9.4 9.3 19.2 19.7
0.1 16.5 15.5 22.2 23.1 17.4 17.2 37.9 38.8
0.3 56.4 54.2 67.5 69.6 41.5 41.2 105.3 107.5
0.5 92.6 89.4 113 117.1 59.1 58.6 165 168.6
0.7 124.5 122.1 157.7 162.3 72.8 72.1 220.2 225.6
Table B.2: Irradiances of the LED sources of the light-based device Sirius-8 (all
values in mW:cm 2).
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Figure B.2: Irradiance levels reached by each of the 8 light sources of the light-
based device Sirius-8 versus input current.
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the infrared. In the datasheet, variation of the emission due to temperature is
available. However, rapid measurement were performed. The following results
were obtained shown in table B.3.
Box Wavelength Initial Temp. 45  Stabilized Temp. 60  Variation
”Blue” Box
447 210 210 Not measurable*
530 75 74 Measurable
655 170 170 Not measurable*
850 100 100 Not measurable*
Table B.3: Sirius-8: Irradiances at 50 mm distance from the LED chip, measured
under the maximum (software) current of 700mA using Ophir Powermeter Nova II
and sensor PD300-3W-V1 calibrated Oct-2014, at two different temperatures, ini-
tial and after stabilization (long exposure). *Within the accuracy of measurement
The same experiment has been made inside a stove set at 37 C. The exper-
iment was stopped after the temperature reached 80 degrees on the heat sink.
The conclusion was that the temperature of the stove was too disturbed (50 C
reached within 300 seconds) by the light-based devices.
Box Wavelength Initial Temp. 45  Stabilized Temp. 75  Variation
”Blue” Box
447 210 210 Nonsignificant*
530 75 70 Measurable
655 172 170 Nonsignificant*
850 100 105 Nonsignificant*
Table B.4: Sirius-8: Irradiances at 50 mm distance from the LED chip, measured
under the maximum (software) current of 700 mA using Ophir Powermeter Nova
II and sensor PD300-3W-V1 calibrated Oct-2014, at two different temperatures,
initial and after stabilization (long exposure) inside the stove set at 37 C. *Within
the accuracy of measurement
B.2 Safety & risks
B.2.1 Electrical safety
The contact personwho performed the test is Frank Jaartsveld (frank.jaartsveld@philips.com)
The electrical safety assessment of both devices was performed by Frank Jaartsveld
in accordance with standard IEC 61010 Safety requirements for electrical equip-
ment for measurement, control, and laboratory use. Both devices passed the tests
ensuring that there are no risk of fire, no mechanical risks or risks due to electrical
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shocks that could be foreseen. Test reports will be available within the Technical
Construction File.
B.2.2 Electromagnetic Compatibility (EMC)
The contact personwho performed the test is Rene Kragt (rene.kragt@philips.com)
The EMC safety assessment of both devices was performed by Rene Kragt in ac-
cordance with standard IEC 61326 Electrical equipment for measurement, control
and laboratory use – EMC requirements –. Both devices passed the tests ensur-
ing that there are no EMC requirements that are not matched within the devices.
Tests reports are available within the Technical Construction File.
B.2.3 Optical safety
The contact persons who performed the tests are Peter Jutte, Arno Ras and
CharlesMignon (peter.jutte@philips.com / a.j.m.ras@philips.com / charles-antoine.mignon@philips.com)
The Optical safety assessment of both devices was performed by Charles Mignon
and reviewed by Peter Jutte, Arno Ras in accordance with standards IEC 62471
Photobiological Safety of lamps and lamp systems and IEC 60825 Safety of laser
Products. Tests reports and evaluation are available within the Technical Con-
struction File.
Based on safety risk assessment using 2 methods:
• Comparison between measurements/calculations of Radiances impinging
on the eye and Standard Limits from EN 62471:2008 ”Photobiological Safety
of lamps and lamp systems”
• Eye Safety Program (Laser Safe PC), calculating the eye exposure at a de-
fined distance and relating it to the MPE (Maximum Permissible Exposure),
using the specifications of the light source in accordance with standard IEC
60825 Safety of laser Products
and based on discussion with experts Arno Ras and Peter Jutte, it was concluded
that the highest risk group is 2: Moderate Risk (only for 447 nm wavelength).
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A specific case worths to be reminded: the Infrared LED in Sirius-24. The safe
distance of that LED has to be at least 30 mm. Under mechanical conditions dis-
tances smaller than the safe distance are reachable. Although under intended
use, there is a culture plate on top of the device, ensuring that the distance eye to
LED is always superior to the safe distance of the Infrared LED. The recommen-
dations taken out of this study are the labelling of the devices (necessary), writing
of user-notice provided with good practical use advice (necessary) and the use of
protective goggles (not necessary).
B.3 Assessment of the retina related risks & risk group
classification
Both devices contain light sources with wavelength ranging from 440 nm to 850 nm.
Three types of hazards can occur according the standard 62471 introduced ear-
lier, depending on a wavelength of a source:
• Blue light hazard: retina hazard when using blue light, which is photochem-
ical by nature.
• The retinal thermal hazard occurring when the retina is heated extensively.
• The retinal thermal hazard when using light producing weak visual signal;
causing potentially extensive heating
Both hazards will be assessed comparing radiance levels available in the devices
with limits of exposure defined in the standard 62471.
Before presenting the results, several key parameters can be introduced:
• Array of LED versus single LED
• Blue hazard factor and burn hazard factor: B() and R()
• Solid angles 
 and acceptance angles 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• The distance where the hazard should be evaluated D, this distance is
200 mm in the IEC62471 standard because it is the shortest distance at
which eye can accommodate.
• The basetimes which should be considered 
Array of LEDs versus single LED
Both devices are build as arrays of LED. In the version 24, the LED array is com-
posed of 24 LEDs which are separated by 15 mm laterally in 4 lines of 6 LEDs.
In the version 8, the array of 72 LEDs is divided in 8 separated smaller arrays
of 9 LEDs each. These LEDs are 10 mm from each other. Referring to figure
5.2 of the standard EN 62471:2008 ”Photobiological Safety of lamps and lamp
systems”, we can calculate the size of the area that an human eye can focus
at a distance D of 200 mm from the source. The size  is directly linked to the
maximum acceptance angle of the eye, ie. 0:011 rad for middle exposure time
(0:25 < Exposure < 10000 sec). The numerical application is the following:
 = 2 D  tan 0:011
2
= 2:2 mm (B.1)
LED array in Sirius-8 have always larger spatial separation between their single
LEDs. Therefore, human eye can only focus on one LED at a time. Every LED
of the arrays can only be imaged at different positions of the retina. As a conse-
quence, checking for the safety of the device is reduced to assessing the safety
of every LED separately.
Blue & Burn hazards Factors
Blue hazard and burn hazard factors need to be used as weighting to compensate
for the differences between wavelengths and their influence on both hazards. All
coefficients are available within the standard. Weighting factors corresponding to
wavelengths used in the devices are shown in table B.5.
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Wavelength Blue Hazard Factor Burn Hazard Factor
447 0.955 9.55
505 0.0794 1
530 0.0251 1
591 0.0015 1
655 0.001 1
850 0 0.5012
Table B.5: Optical safety assessment: blue & burn hazards factors
B.3.1 Solid angles 
, acceptance angles , and evaluation dis-
tance
The standard requires, for non-medical device, that the eye hazard is evaluated
at 200 mm from the source. The main quantity regulating the calculation is the
acceptance angle to consider, it is the one of a LED chip (size a 1 mm or 2 mm
depending on the LED) over a 200 mm distance:
 = aD
The actual used acceptance angle will be defined in the next section. It is depen-
dant on the risk itself and on the exposure time.
The solid angle is then directly calculated from the following formula:

 = 
2
4
The radiance L is directly linked to the irradiance I by the following relation:
L = I

Basetimes consideration
There are basetimes to consider: one for the pulsing regime and the other for
continuous regime. Both, require the use of different acceptance angle for the
calculations.
The standard considers a light source as pulsed if it can produce pulse of light of
0.25 second or less, linked to the retinal reflex. The devices Sirius-8 and Sirius-24
allow pulsing but do not change the peak power. In our case, the pulsing On &
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Off times can vary over a wide range, Hz to kHz frequencies. Although the en-
ergy contained in the peak pulse is only dependant on the length of the peak. To
evaluate the hazard provoked by the pulsing we can then use the maximum pulse
length, ie. 0.25 second (as defined by the retinal reflex). In that case the standard
advise to use 1:7 mrad as an acceptance angle. It represents the smallest image
that can be formed on a still eye.
The second basetime to consider is for continuous regime, or exposition time of
more than 0.25 second. In that case the acceptance angle should be 11 mrad.
Another nuance is for exposure times superior to 10000 seconds, where move-
ments of the eye will average the exposure over a larger area, the acceptance
angle should be 0:1 rad, always according to the standard.
Blue light and retinal burn hazards
Exposure limits In the standard Photobiological safety of lamps 62471, table 6.1,
exposition limits are listed. We extract and quote here the most essential values
for our case. They are shown in tables B.6 and B.7 for continuous and pulsed
conditions respectively.
Risk Action Spectrum Symbol Exempt Limit Low Risk Limit Mod. Risk Limit
Blue light B() LB 100 10000 4000000
Retinal Thermal R() LR 28000 N.A
71000

Retinal Thermal, NIR R() LIR 6000 N.A N.A
Table B.6: Blue & burn hazards: exposition limits in continuous regime, directly
from EN 62471:2008 ”Photobiological Safety of lamps and lamp systems”. The
unit of the quantities is W:m 2:sr 1.
Risk Action Spectrum Symbol Limit
Blue light B() LB 1000000
Retinal Thermal R() LR 500000:25
Retinal Thermal, NIR R() LIR 6000
Table B.7: Blue & burn hazards: exposition limits in pulsed regime, directly from
EN 62471:2008 ”Photobiological Safety of lamps and lamp systems”. The unit of
the quantities is W:m 2:sr 1.
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Risk group assessment for continuous wave regime
Risk group is assigned by comparing he Risk Groups limits (as defined in the pre-
vious sections) with the corresponding weighted radiances LB, LR and LIR. The
first step is to evaluate the radiance with the three involved acceptance angles
defined in the previous section. Then we can compare to the different limits and
assess in which risk group every LED belongs. The results for Sirius-24 are pre-
sented in tables B.8 and B.9, showing the weighted radiances, groups limits and
group classification for every LED; the same was done for Sirius-8 in tables B.10
and B.11.
Overall only two cases fall under the Risk Group 2: blue light 447 nm in Sirius-
24 and Sirius-8 with acceptance angle 0:011 rad. The standard IEC 60601:2006
Medical electrical equipment requires distance information for theses cases to fall
back in the risk group 1. The following distances have been back calculated:
• Sirius-24: Over 300 mm, the blue hazard weighted radiance falls back into
Risk Group 1 under middle exposure time (0:25 < Exposure < 10000 sec)
of the light source at 447 nm.
• Sirius-8: Over 800 mm, the blue hazard weighted radiance falls back into
Risk Group 1 under middle exposure time (0:25 < Exposure < 10000 sec)
of the light source at 447 nm.
Risk group assessment for pulsed wave regime
Similarly risk group were assessed for a pulsed regime, with a pulse of 0.25 sec-
ond and equal peak irradiance to that of Continuous Wave Mode. Another small
difference relies in the use of a very small acceptance angle 1:7 mrad, which is
smaller than the actual subtended angle of a LED chip (1mm or 2mm size) at the
evaluation distance 200mm, ie. 5mrad. The actual entire chip of the LED cannot
be focused by the human eye with such small acceptance angle. Using equation
B.1, the area corresponding to the subtended angle 1:7 mrad is approximately
0:37 mm2. I would give a further factor on the measured irradiance to only take
the part which is coming from the focused area. This factor will be further used
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when making calculations for pulsing regime, and is defined in equation B.2. It
links the measured irradiance I5mrad (corresponding to the full subtended angle
5 mrad) with the actual irradiance received by the eye in the small acceptance
angle required when assessing pulsing regime safety I1:7mrad, and the ratio of sur-
faces of the LED SLED for one part and of the area focused by the eye 0:37 mm2
for the other part. The surface of the LED is always 1 mm2 except for the blue
LED used in Sirius-8 where it becomes 4 mm2.
I1:7 mrad = I5 mrad  0:37
SLED
(B.2)
A table summarizing the factors applied to the measured irradiances and the ac-
tual used irradiances for the pulsing regime risk assessment was made and is
shown on figure B.12.
The results for Sirius-24 are presented in tables B.13 and B.14, showing the
weighted radiances, groups limits and group classification for every LED of the
device. The same calculation have been performed for Sirius-8, shown on table
B.15 and B.16.
Overall, both device fall onto the exempt group at all wavelength. A special
care should be taken when using the blue light source (447 nm) of Sirius-8 which
have a weighted radiance very close to the limit of the risk Group 2.
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Device Wavelength Factors ”Corrected” Irradiance (mW:cm 2)
Sirius-24
447 0.37 18.5
501 0.37 15
530 0.37 11.1
591 0.37 3.7
655 0.37 24
850 0.37 30
Sirius-8
447 1
9
 0:37
4
2.3
530 1
9
 0:37
1
3
655 1
9
 0:37
1
6.7
850 1
9
 0:37
1
5.2
Table B.12: Sirius-24 & Sirius-8: ”Corrected” irradiances at working distances in
the small acceptance angle case, pulsed regime
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Chapter C: Gene expression analysis: Lists
of significant pathways and associated genes
per light treated group
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